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Abstract

IN TE R A C TIO N  OF TH E  PO LYSACC HARIDE XA N TH A N  

W IT H  SURFACTANTS IN  AQUEOUS SO LU TIO N

by

Laurent R. Mars

Advisor: Professor Henri L . Rosano

Polymer-Surfactant interactions are of considerable interest because 

o f their chemical, biological, pharmaceutical, mineral-processing, and 

petroleum-engineering applications. The current investigation centered on 

the extent and mechanism of the interaction of the polymer Xanthan, an 

anionic polysaccharide widely used in industry because o f its superior 

performance as an agent for rheology control, with three types of 

surfactants, nonionic, anionic, and cationic. Evidence o f an interaction was 

obtained by observing a change either in the bulk properties of the polymer 

solutions upon addition of surfactant or in the surface properties of the 

surfactant solution upon addition of the polymer.

Interaction between Xanthan and a polyoxyethylene nonionic 

surfactant, Igepal CO-630, was found to occur when the surfactant is in its 

micellar form. Under conditions of salt concentration or pH that promote 

the helical conformation of Xanthan molecules, the degree o f interaction is 

severely reduced, in fact becoming negligible. The proposed mechanism of 

interaction involves the formation of hydrogen bonds between the hydroxyl 

groups o f Xanthan and the ether oxygens of the surfactant. Evidence of a 

specific interaction between Xanthan and the anionic surfactant Sodium 

dodecylsulfate was found only when divalent cations were added to the
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solution. The weak interaction observed in this case is attributed to the 

divalent cations acting as bridges between the anionic groups o f Xanthan
?4-and SDS. The effect o f Ca ions is more apparent in the monolayer

9 .
experiments; when Xanthan is present along with Ca ions in the 

subphase, the pressure and potential isotherms o f an insoluble anionic film  

(arachidic acid at pH =10) are significantly altered. In contrast, the presence 

o f Xanthan alone in the subphase does not affect these isotherms.

A significant interaction was observed between Xanthan and the 

cationic surfactant Cetyltrimethylammonium bromide

(Stearvldimethylbenzylammonium chloride was used in monolayer 

experiments). Solubility experiments showed that precipitation occurs, due 

to charge neutralization, under conditions of excess surfactant. Further 

addition o f surfactant does not resolubilize the precipitate. No precipitation 

is observed, however, when small amounts o f Xanthan are added to a 

micellar surfactant solution, indicating that the polymer is preferentially 

binding to the micelles rather than to the monomer surfactant. In  the pre­

precipitation zone, the reduced viscosity o f Xanthan solutions is lowered 

upon the addition of CTAB. This effect is comparable in magnitude to that 

produced by the addition o f a simple salt (Tetramethylammonium chloride, 

or TM A C ). The adsorption o f CTAB on Xanthan therefore induces no 

surfactant-specific conformational change in the polysaccharide, and 

hydrophobic interactions can be ruled out. In the post-precipitation zone, 

the reduced viscosity of Xanthan + CTAB solutions is much lower than that 

of Xanthan + TM A C solutions. It  may be concluded that the interaction 

between Xanthan and the cationic micelles imposes a more coiled up 

conformation on the macromolecule. The surface tension o f CTAB 

solutions is lowered upon the addition of Xanthan, due to the formation of
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a highly surface-active polymer/surfactant complex. S im ilarly, the 

pressure-area isotherm of the cationic monolayer is expanded upon the 

introduction of Xanthan in the subphase. In contrast, the potential isotherm 

o f the monolayer is only slightly affected by the presence o f the 

polysaccharide. It  may be concluded that the increase in surface pressure is 

due to an ion-exchange reaction (whereby a fraction of the counterions of 

the insoluble cationic surfactant are replaced by bulkier carboxylate groups 

of Xanthan), with very little or no penetration o f segments o f the 

polysaccharide molecules into the hydrophobic region of the monolayer. A 

thermodynamic treatment o f the interaction between Xanthan and the 

cationic monolayer is proposed. The values obtained for the changes in 

partial standard free energy, enthalpy, and entropy clearly show that the 

interaction between Xanthan and the cationic monolayer is entropy driven.
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CHAPTER ONE 

INTRODUCTORY REMARKS

1.1. TH E  RESEARCH PROJECT

The interaction in solution between surfactant molecules and either 

synthetic or biological macromolecules has been a topic o f considerable 

interest over the past four decades in both academia and industry because 

o f its relevance to biological, chemical, pharmaceutical, mineral- 

processing, and petroleum engineering applications (1 -3 ). The 

simultaneous presence o f surfactant and polymer molecules in solution can 

play a significant role in determining solution rheology, stability of 

colloidal dispersions, adsorption behavior at interfaces, and solubilization 

capacity o f aqueous solutions, for example.

In type and magnitude, the interaction is governed prim arily by the ionic 

character--cationic, anionic, or nonionic--of both polymer and surfactant 

molecules. It  has been shown that the interaction patterns o f charged 

polymers are quite different from those of neutral polymers, that the 

strength of the interaction is generally stronger with anionic surfactants 

than with their cationic analogs, and that nonionic surfactants either do not 

interact or do so very weakly. These well-established patterns have led 

previous investigators to concentrate primarily on three types of 

interactions out o f the nine possible combinations of cationic, anionic, or 

nonionic polymers with cationic, anionic, or nonionic surfactants: those in 

which charged polymers interact with oppositely charged surfactants and 

those in which neutral polymers interact with anionic surfactants.
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For the past 15 years or so, most newly-developed polysaccharides, 

whether anionic (Carboxymethyl cellulose), cationic (Polymer JR), or 

neutral (Hydroxym ethyl cellulose), have been studied in their interaction 

with surfactants. In contrast, the anionic polysaccharide Xanthan, whose 

remarkable rheological properties in aqueous solution have found a wide 

range o f industrial applications, has received little study as far as its 

interaction with surfactants is concerned. The complex, although well 

understood, behavior o f this polymer in solution may explain this 

omission.

In  my research, I sought to determine whether and how interactions take 

place between the polysaccharide Xanthan and nonionic, anionic, and 

cationic surfactants, using as an indicator any significant change in the 

main physico-chemical properties o f one o f the components (polymer or 

surfactant) upon addition o f the other. This approach led naturally to a two- 

part investigation: a study of the effect o f adding a surfactant on the bulk 

properties o f Xanthan solutions and a study o f the effect of adding Xanthan 

on the surface properties o f surfactant solutions. The results are presented 

in chapters three and four, respectively.

This chapter first reviews those properties of surfactant solutions that 

are relevant to the present study and briefly presents some of the 

thermodynamical models for surfactant aggregation that have been used as a 

basis for developing theories of polymer/surfactant interactions. A 

qualitative description o f polymer/surfactant interactions follow s, with a 

discussion o f theoretical models that have been proposed in recent years.
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1.2. S U R FA C TA N T SO LUTION S

1.2.1. SURFACE PROPERTIES AND SELF-A SSO C IA TIO N

Surface-active compounds, or surfactants, are molecules with both a 

hydrophobic part (usually a long hydrocarbon chain, referred to as the 

surfactant tail) and a hydrophilic part (either a polar or an ionic group). 

The term "surface active" arises from their preference for occupying a 

position at the solution interface, one that minimizes the energetically 

unfavorable contact between water molecules and their hydrophobic parts. 

The resulting excess concentration (compared to the bulk concentration) of 

surfactant in the neighborhood o f the surface has the effect o f lowering the 

surface (or interfacial) tension o f the aqueous solution.

Surfactants are usually classified as nonionic or ionic. In nonionic 

surfactants, the hydrophilic part is a polar group such as amine-oxide or 

ether. The class of ionic surfactants can be subdivided into anionic 

compounds (e .g ., sulfate, sulfonate, or carboxylate), cationic compounds 

(e .g ., quaternary ammonium), and zwitterions (in which both anionic and 

cationic groups are present).
fy

At low concentrations (typically, 1x10 M  or less), surfactant molecules 

are singly dispersed in solution. As the surfactant concentration is 

increased, however, a point is reached at which the solution becomes 

saturated with monomer surfactant molecules and any further increase in 

concentration results in the spontaneous formation of stable aggregates 

called micelles. Micellization causes drastic changes in the various 

colligative properties o f the surfactant solution (e .g ., osmotic pressure, 

surface tension, and conductivity). The concept o f critical micelle 

concentration, or cmc, inspired by these concentration-dependent 

phenomena, is defined (4) as the minimum surfactant concentration
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necessary to form micelles. Hartley (5) was the first one to suggest, some 

forty years ago, that micelles are roughly spherical in shape. This notion 

has since been shown to be correct for concentrations close to the cmc. 

D ifferent geometrical shapes are encountered, however, at surfactant 

concentrations far above the cmc.

The chief driving force in this aggregation process is a reduction o f the 

hydrocarbon/water contact area o f the surfactant alkyl chains. One of the 

main forces resisting micellization in the case o f ionic surfactants is the 

coulombic repulsions created by the crowding together o f the ionic 

headgroups at the periphery o f the micelle. In the case of nonionic 

surfactants, dipole-dipole interactions and steric repulsions are the main 

resisting factors.

The process o f micellization thus represents a delicate balance between 

forces favoring aggregation and those opposing it.

1.2.2. T H E R M O D Y N A M IC  M ODELS FOR M IC E L L IZ A T IO N

The firs t attempt at a quantitative treatment o f micellization was made by 

Debye (6, 7). The many subsequent refinements (8 -1 5 ) can be reduced in 

essence to three different approaches; these are summarized below, with 

greatest emphasis on the Mass Action model because of its direct 

application to polymer-surfactant interactions.

1.2.2.L The Mass Action Model

The self-association process can be described by the follow ing equation:

nAj A n (1 -1 )

The equilibrium  constant is given by
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K.,=f5- (1-2)

where X i  is the molar fraction of singly dispersed surfactant molecules and 

X n is the molar fraction o f micelles containing n surfactant molecules.

The size distribution function o f the micelles, X n(n ) ,  can be expressed 

in terms o f the standard free energy change o f micellization, ApU,|c by

X n =  X" exp- 'nAni.fc'
kT y

(1-3)

and the critical surfactant concentration X lcmc at which micellization starts

k T L n X . ^ . A l C ^ - n J  (1.4)
can be approximated by the expression (16, 17)

where p.® is the standard chemical potential of the surfactant molecule in 

the micelle and p.® is the standard chemical potential of the singly dispersed 

surfactant molecule.

I t  is convenient to define a so-called intrinsic equilibrium constant 

kn = ( K n) 1/n . S ince the molar fraction X j  remains constant and equal to 

Xicmc > follows from eq.1-3 and 1-4 that

k „ = e x p - ( ^ J  (1-5)

Given an explicit equation for Ap®|c as a function of the micelle size
j

n, expressions for the size distribution function X „ ( n ) ,  the critical micelle 

concentration X lcmc, and the intrinsic equilibrium constant k n can therefore 

be derived from eq. 1-3, 1-4, and 1-5, respectively.

The standard free energy of micellization can be written as the sum of a 

number o f contributions (18):

An®,c = A p Jc/w-k T L n
( oa*mlc 

^hc j
+  a(a -  a0) -  kTLn (1 -  -̂ -) +  A*ieIectr (1 - 6)

a
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The first term on the right-hand side o f eq.1-6 represents the standard 

free energy change when the surfactant tail is transferred from water to a 

liquid hydrocarbon phase. The second term accounts for the decreased 

conformational freedom for the surfactant tail in the micelle (£2m|c) 

compared to that in liquid hydrocarbon (£2hc). The third term represents the

free energy o f formation o f the micelle/water interface, with a  the 

interfacial tension, a the molecular area at the micelle surface, and ap the 

molecular area occupied by the surfactant headgroup. The fourth term is a 

measure o f the steric repulsions between the polar headgroups at the 

micellar surface. The last term accounts for the electrostatic interactions 

among the headgroups.

1 .2 .2 .2 .  O th e r M odels

The Pseudo-phase separation model considers the formation o f micelles 

as a phase separation. At equilibrium, the chemical potentials of the 

surfactant molecules in the aqueous phase and in the micellar phase must be 

equal:

M-mlc =  M'aq ( 1 - 7 )

Both terms in eq.1-7 can be expressed in terms of the molar fractions of 

surfactant in aqueous and micellar phases, and the resulting expression is 

identical to eq.1-3 obtained with the mass-action model. However, the two 

approaches are equivalent only in the treatment o f nonionic surfactant 

solutions. In the case of ionic surfactants, eq. 1-1 must be modified in 

order to account for the surfactant counterions participating in the 

equilibrium, and the two models are no longer equivalent (except for 

micelles o f large size, for which the two models are again in agreement).
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A third model, based on H ill's  (15) theory of the thermodynamics of 

small systems, has been proposed (19 ), in which micelles o f various sizes 

and shapes are in a dynamic equilibrium determined by intensive 

environmental variables including temperature, pressure, and chemical 

potential of the singly dispersed surfactant molecules. Whereas the mass- 

action and phase separation models are valid only in the concentration 

range near the cmc where micelles are small, spherical, and monodispersed, 

this method has the advantage of accounting for the coexistence o f micelles 

with different sizes and shapes, a condition generally encountered at 

surfactant concentrations greatly exceeding the cmc.

1.3. PO LYM ER -S U R FA C TA N T SO LUTIONS

1.3.1. IN T R O D U C T IO N

The foundation of the current research in polymer-surfactant interaction 

can be traced back to the 4 0 's, when protein-ionic surfactant systems were 

first studied. Two observations--that maximum interaction occurred when 

protein and surfactant molecules carried opposite charges, and that 

resolubilization could be made to fo llow  precipitation o f the polymer- 

surfactant complex by the addition of excess surfactant (20)--led to 

emphasis on the role o f coulombic forces in the binding of the surfactant 

onto the macromolecule and on the effect o f such interaction on the protein 

conformation.

In the 5 0 's and 6 0 's, a great deal of work was done on mixtures of 

neutral synthetic polymers and ionic surfactants (21, 22). The behavior of 

such systems was shown to be primarily governed by two critical surfactant 

concentrations, the first corresponding to the onset of polymer-surfactant
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complex formation, the second to the saturation of the polymer with 

surfactant. Although no specific part o f the macromolecule could be clearly 

identified as a binding site, the concept, inherited from the earlier studies 

on protein-surfactant mixtures, was used in interpreting data and 

formulating theoretical models.

F inally , the advent in the early 7 0 's o f a range o f new polyelectrolytes 

(mainly natural polysaccharides and synthetic vinyl polymers) gave rise to 

a surge o f interest in charged polymers-ionic surfactants systems that has 

grown steadily ever since.

1.3.2. Q U A L IT A T IV E  D E S C R IP T IO N  O F P O L Y M E R -S U R F A C T A N T  

IN T E R A C T IO N S

M ixing surfactants and polymers in aqueous solution leads, under 

certain circumstances, to complex formation through binding or adsorption 

o f the surfactant molecules--either individually or as aggregates--onto the 

macromolecule. Both the occurrence and the strength of such interactions 

depend on the properties of polymer, surfactant, and dissolving medium. 

Nonionic surfactants either do not interact with polymers or do so very 

weakly (2 3 -2 5 ), while ionic surfactants bind to both uncharged and

oppositely charged polymers, anionic surfactants interacting more strongly 

than cationic ones o f the same hydrophobic moiety (26). The interaction 

patterns d iffer, however, according to the ionic nature of the polymer.

W ith neutral polymers, complex formation occurs only above a critical 

surfactant concentration, which is lower than the surfactant cmc and

independent o f the polymer concentration. The surfactant concentration at 

which the polymer becomes saturated is directly proportional to the

polymer concentration and can therefore be either lower or higher than the
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cmc. In  the latter case, micellization of unbound surfactant molecules 

starts competing with the binding process, preventing the polymer 

molecules from becoming saturated. The interaction process is highly 

cooperative, as indicated by the steep slope o f the binding isotherms (27). 

Such observations have led to the conclusion that surfactant molecules were 

actually binding to the macromolecule as surfactant clusters rather than as 

individual molecules. Studies using N M R  (28) and neutron-scattering (29) 

techniques have lent support to the existence of such polymer-micelle 

complexes. Indirect estimates o f the size o f these clusters (30 ,3 1 ) showed 

that they were smaller than the free micelles occurring in polymer-free 

solutions.

Because polymer-bound micelles occur at lower surfactant concentration 

than do free micelles, the presence o f polymer in solution can be 

interpreted as promoting micellization through favorable hydrophobic 

interactions. The polymer-surfactant complex can be viewed as consisting 

of a macromolecule wrapped around surfactant aggregates, with the 

hydrophobic segments partially penetrating the interfacial regions of the 

micelles, thereby decreasing the contact area between water and the 

hydrocarbon core o f the micelle. Furthermore, sufficient flex ib ility  o f the 

macromolecule could, ideally, allow ion-dipole interaction between its 

hydrophilic segments and the ionic headgroups of the surfactant, resulting 

in the lowering of ionic repulsions between the latter.

With oppositely charged polymers, binding occurs at much lower 

surfactant concentrations. As more surfactant is added, charge 

neutralization is eventually reached and the complex precipitates. Often, a 

further increase in surfactant concentration can resolubilize the precipitate
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as a polyelectrolyte complex with a net charge opposite that o f the original 

polymer (32 ). For such systems, the binding isotherm generally starts with 

a low slope and becomes very steep around the point of half saturation. 

Addition o f a neutral salt usually has the effect o f shifting the isotherm to 

higher surfactant concentrations and of increasing the steepness of the 

slope, indicating that electrical shielding o f the charges reduces the affin ity  

of binding while enhancing the cooperativity o f the process (33 -35). These 

results have been interpreted in terms of ionic and hydrophobic 

interactions. W hile the primary driving force can be viewed as electrostatic, 

the process is strongly reinforced by the association o f alkyl chains o f the 

adsorbing species. We can thus identify two distinct modes o f adsorption: 

one, at low surfactant concentration, in which individual surfactant 

molecules bind to the polymer through ionic attraction alone, and a 

second, at higher concentrations, in which cluster-like adsorption is due 

prim arily to hydrophobic interactions between bound surfactant molecules.

1.3.3. T H E R M O D Y N A M IC S  OF PO LYM ER -SU R FA C TA N T IN T E R A C T IO N

Various attempts have been made to provide a theoretical framework 

within which to interpret the wealth o f data gathered over the past twenty 

years or so. The differences observed between neutral polymer-surfactant 

solutions and charged polymer-surfactant solutions have been a major 

obstacle towards a unified theory for polymer-surfactant interactions, 

however, and most attempts have accordingly been limited to one or the 

other o f the two systems.
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1.3.3.1. Nonionic Polymers

The similarities between the formation o f polymer-bound clusters and 

micellization have led most investigators to use equations derived for the 

latter process, modifying them to account for the presence o f polymer in 

solution. Such theoretical attempts have resulted in models requiring a 

knowledge of the system's macromolecular geometry that is not available, 

and curve-fitting parameters must therefore be introduced. The first models 

to be developed used a mass action law approach (31, 36). Their major 

drawback lay in the requirement that the total concentration o f binding sites 

on the polymer molecule be known. This quantity can be determined 

experimentally through saturation of the polymer with bound surfactant, 

but this is not always possible to achieve.

More recently, Nagarajan (37) and Ruckenstein (38) have proposed 

similar models based on the theory o f micellization that they had previously 

developed (13, 17, 18). Nagarajan hypothesized that micellar aggregates 

form in the free space of the coiled macromolecule. Undefined segments of 

the macromolecule can penetrate the interfacial region o f the surfactant 

clusters, with two opposite effects: on the one hand, a decrease in the 

contact area between the hydrocarbon core and water, and on the other, an 

increase in steric repulsions between the surfactant headgroups. I f  the 

former effect outweighs the latter, polymer-bound surfactant clusters w ill 

form. These effects are accounted for by modifying the expression derived 

for the change in standard chemical potential (see eq. 1 - 6 ) of the surfactant 

molecules upon micellization, as follows:
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Afi®!c=A nJc/w- k T + 0 (3  3 S 3po])

d - 8 )
&n +  anni

- k T L n ( l—  ----- — ) +  A|ielectr
a

The parameter ap0| represents the area per surfactant molecule occupied 

by the polymer at the micellar interface, and it can be interpreted as a 

measure o f the polymer's ability to adopt a configuration compatible with 

the micellar surface. Values o f apoi are obtained by fitting the model 

equations to experimental data.

Ruckenstein (38) based his model on the same original expression for 

Ap.®ic , but instead o f considering the polymer molecule penetrating the 

surfactant aggregates, he assumed that the presence of the macromolecule 

wrapped around the surfactant clusters results in a change in interfacial 

energy. The term a ( a - a 0) in eq.1-6 is therefore replaced by

where A a and Aop are the changes in interfacial tension between the 

hydrocarbon core and water and between surfactant headgroups and water, 

respectively, caused by the presence o f the polymer. The value of Aa can 

be estimated by measuring the change in interfacial tension between a

hydrocarbon phase and water upon addition of the polymer to the water 

phase, and A ap is taken as equal to Aa.

According to this model, polymer-surfactant complexation w ill occur if 

the energy increase due to unfavorable interaction between surfactant 

headgroups and the macromolecule is more than compensated by the energy
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decrease caused by a reduction o f the contact area between the hydrocarbon 

core o f the surfactant aggregates and water.

Both models, then, use the set o f equations derived for polymer-free 

micellization (see section 1 . 2 . 2 . 1 ) to determine the size o f bound micelles 

(g b), the critical surfactant concentration ( X lmic) ,  and the intrinsic 

equilibrium constant (K b).

The mass balance equation describing the equilibrium among free 

micelles, polymer-bound micelles, and monomeric surfactant can be written 

as

where X t and X j  are the total and singly dispersed surfactant 

concentrations, respectively. The second term on the right-hand side of 

eq. 1 - 1 0  represents the concentration o f surfactant in free micelles; the third 

term, the concentration o f surfactant in bound micelles.

Although these models agree satisfactorily with the experimental data, 

their major drawback lies in the use of parameters that are either impossible 

to measure independently or grossly estimated. Moreover, both approaches 

neglect the shielding effect o f the polymer on the ionic repulsions between 

surfactant headgroups.

H all (40) has recently extended his treatment o f charged colloidal 

systems (39) to describe polymer-surfactant interactions. His basic 

approach is to derive an expression for the Donnan equilibrium  between a 

solution o f charged colloidal species (polymer-surfactant complexes and
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free micelles) plus supporting electrolyte and a colloid-free electrolyte 

solution o f polymer plus surfactant. The theory does not regard the bound 

surfactant molecules as forming well-defined aggregates, instead 

considering a situation in which the surfactant binds either individually or 

collectively (bound clusters), and only two types o f colloidal species 

coexist in solution: polymer molecules saturated exclusively with clustered 

surfactant and polymer molecules containing exclusively monomeric 

surfactant ("all or none" approximation). H all derives equations relating the 

shape o f the binding isotherm to the distribution of bound surfactant ions 

among the macromolecules and allowing the calculation of enthalpies of 

binding from the temperature dependence of the binding equilibria. The 

theory predicts, inter alia, that (a) the amount o f bound surfactant may 

decrease when free micelles start forming, and (b) the surfactant monomer 

concentration may exhibit two maxima. Although experimental data (41) 

have confirmed some o f this theory's predictions, currently available data 

are insufficient to allow a systematic comparison with experiment. But 

H all's  "all or none" assumption hardly seems justified given the strong 

experimental evidence (42 -44) for an equal distribution of bound surfactant 

molecules among macromolecules.

1.3.3.2. Charged Polymers

W orking independently, several authors (45, 46) have proposed similar 

theoretical accounts o f the cooperative binding o f surfactants onto 

polyions, all essentially based on the Zimm-Bragg theory of helix-coil 

transition in polypeptides (47). Both phenomena exhibit a strong 

cooperative character and can be described by a nucleation and growth
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mechanism. The mass balance equation for a surfactant ion binding to a

polymer site can be written as

P+ + S “ (P+S_ ) (1 -11 )

The apparent binding constant ( K a) is defined as

K „ = ------- -----  (1 .1 2 )
a Cf ( l - 0 )

where 0 is the fraction of occupied sites and C f denotes the equilibrium  

concentration of free surfactant. Assuming that the cooperativity of the 

process can be reduced to nearest neighbor interactions, we must consider 

two different situations: i) binding to a site with two unoccupied nearest 

neighbors, and ii) binding to a site adjacent to an occupied site. The two 

equilibria can be written as
K

(00)+ S "  (10) (1 -13 )

and
Ku

(01) +  S“ £  (11) (1 -14 )

where 0  and 1 represent unoccupied and occupied sites, respectively, and u 

is defined as the cooperativity parameter. Following Zimm-Bragg theory, 

two parameters, s and a ,  are introduced to express the statistical weights 

of the two states, (0 1 ) and ( 1 1 ), contributing to the partition function as 

as  and s respectively (the unit quantity being given to the state (0 0 )). 

These parameters are related to the equilibrium constants by

s = K u  C f and a  = 1 /u  

The matrix method yields an expression for the partition function in terms 

o f s and a ,  and the follow ing relationships can be derived:
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/

dLnC
(1 -1 6 )

v

(1 -1 7 )

Equations 1-16 and 1-17 are solved for u and K by using the 

experimental binding isotherm. The values obtained can, in turn, be used in 

eq.1-15 to yield the theoretical isotherm. In  most cases, the agreement is 

satisfactory for low 0 values. Above 0 = 0 . 6 ,  the theoretical isotherm  

usually overestimates the amount o f bound surfactant, indicating that the 

nearest-neighbor cooperative interaction approximation no longer holds 

near saturation, most likely because o f steric effects.

The model's predictions of the dependence of (K , u) on the amount of 

added salt are not borne out by experimental data. The competitive, non- 

cooperative binding of a counterion bearing the same charge as the 

surfactant ion can be described by the follow ing equation:

The new intrinsic binding constant, K \  is now dependent on the added 

salt concentration:

K ' = ------    (1 -1 9 )
1 +  K J C ]

In the presence o f excess salt, the mass-action treatment yields

But experimental data show that the slope o f Ln K ' vs Ln [C ]  is 

actually less than 1 (0 .6  to 0 .8 ). This last result indicates that a theoretical
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treatment must take into account such specific ionic interactions as ionic 

condensation (48).

Very recently, D elville  (49) has presented a refined version o f the same 

model. Two additive effects are considered simultaneously: on the one 

hand, the electrostatic condensation o f surfactant ions in the vicinity o f the 

polyelectrolyte, which is treated by means o f the Poisson-Boltzman 

equation plus cell model; on the other hand, the cooperative binding of 

surfactant on the polyion, which is treated as described above. Delville has 

applied this model to the D T A B /D N A  system; steric effects for this 

particular system were accounted for by considering cooperative 

interactions with the second nearest neighbor only, binding on two adjacent 

sites being ruled out. The model showed excellent agreement with the 

experimental isotherm over the whole range of surfactant concentration. It 

remains to be seen whether it can be applied to other systems with equal 

success.
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CHAPTER TWO

CHARACTERIZATION 

OF THE

POLYSACCHARIDE XANTHAN

2.1 IN TR O D U C TIO N

Xanthan gum is an anionic polysaccharide produced commercially by 

fermentation of the bacterium Xanthomonas Campestr is,  which occurs in 

nature as a plant pathogen. The discovery of this biopolymer can be traced 

back to the late 50's, when the Northern Regional Research Center 

(N R R C ) o f the U .S . Department of Agriculture was extensively involved 

in the production, from micro-organisms, o f new types of extracellular 

polysaccharides. The ab ility  o f micro-organisms to synthesize 

polysaccharides from simple and complex organic substrates is 

widespread. Three types can be distinguished: intracellular

polysaccharides located inside or as part of the cytoplasmic membrane; 

ce ll-w a ll polysaccharides; and exocellular polysaccharides located outside 

the cell w all, either covalently attached to the cell or secreted unattached 

into the growth medium. For practical reasons, including the relative costs 

of purification procedures, the last type was explored first ( 1 ). 

Xanthomonas Campestr is  was orig inally  discovered in rutabaga plants ( 2 ), 

and was subsequently found in related plants, including cabbage and 

cauliflow er (3 ). Infected areas of the plants' vascular systems were coated 

with a sticky slime caused by a;i exuded polysaccharide, now known as 

Xanthan. The in itia l report, published in 1961 (4 ), and subsequent work
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by the NR.RC (5 -7 ) showed that aqueous solutions of Xanthan exhibited 

unusual Theological properties such as high viscosity at low shear rates 

and a marked shear-thinning behavior. These properties, together with a 

retention of high viscosity at high ionic strengths and over a large range 

o f temperature and pH, suggested a wide variety o f industrial applications 

and led to commercial cultivation o f micro-organisms for Xanthan 

production.

Xanthan's technological u tility  stems from its solution properties, 

which combine the ab ility  to flow  freely  w ith that of holding particles in 

suspension over long periods of time by forming a tenuous gel-like  

structure at rest. The molecular origin o f this behavior has been

extensively studied over the past 2 0  years.

The prim ary structure o f Xanthan has been shown (8 ,9) to consist o f a 

(l-> 4 )-6 -D -g lu c o s e  backbone with a trisaccharide substituent on alternate 

glucose residue (Fig. 2 .1 ). This side chain is 6 -D-mannopyranosyl ( l -> 4 ) -  

a-D -glucuropyranosyl-(l->2)-B -D -m annopyranoside 6 -O-acetate. The 

term inal D-mannose residue of the side-chain may have a pyruvic residue 

linked to the 4 and 6  positions. The degree of pyruvate substitution is 

variable and dependent on the bacterial strain and the fermentation

conditions (10 ,11 ). The polymer undergoes a therm ally induced 

conform ational change in solution (12 -15) from a disordered (stretched) 

chain conformation at high temperatures and low ionic strengths to an 

ordered (he lica l) conformation at physiologically relevant temperatures 

and salt concentrations. The transition midpoint temperature (or melting 

temperature), T M, has been shown (13, 15) to vary linearly with the

logarithm  o f the total salt concentration (polym er counterions plus
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external salt) and is independent o f the polymer concentration. This 

pattern o f conformational change and T M variance is typical o f rod-like  

polyelectrolytes and has also been observed for D N A  (16 ,17): the 

electrostatic repulsion between the polymer ionic groups is greater in  the 

ordered conformation than in the disordered one because o f the greater 

linear charge density imposed by the helical geometry. Addition of salt 

tends to reduce these repulsions, thereby stabilizing the ordered 

conformation.

The rheological properties o f Xanthan solutions have been traced to the 

rig id , rod-like character o f the molecule: the g e l-like  structure results 

from weak, non-covalent associations of ordered chains (Fig. 2 .2 ), which 

may be enhanced by the addition o f salt (18 ) or weakened by the addition 

o f urea (19) without disruption o f the ordered conformation (Fig. 2.2). 

Such side-by-side aggregation can occur in the case o f rig id  molecules, 

even i f  intermolecular attractions are slight, because it  involves very little  

loss o f entropy; with flexib le  polymers, in contrast, it is entropically too 

costly (20). Moreover, above a certain concentration threshold, alignment 

of chains in solution is geometrically necessary for long rigid molecules; 

other arrangements would result in steric clashes or molecular 

deformation. This has been confirmed by studies o f birefringence of 

concentrated Xanthan solutions (15, 21, 22). The tendency for Xanthan  

molecules in the ordered conformation to aggregate also explains the 

important discrepancies in the molecular weights reported for the 

polysaccharide in earlier publications, as w ell as the considerable debate 

over the nature o f the ordered structure: while X -ray  diffraction analysis 

of oriented fibers o f Xanthan showed (23) that in the condensed phase the 

molecule exists as a 5-fold helix in which the side-chains fold down to
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align with the main chain, models involving either lateral association of 

single helices or coaxial association into a double helix were found 

equally compatible with the observed diffraction pattern (23, 24). 

Evidence from other techniques has been interpreted as supporting both 

the double-stranded helix (25 -28) and the single-stranded structure (14, 

15, 29). M ore recently, Rees et al. (30) have provided new evidence for 

the latter model: the increase in counterion condensation associated with 

the change to the ordered conformation, as calculated from the salt 

dependence o f T M, was found to agree with the theory o f polyelectrolyte  

solutions developed by Manning (31 -33) in the case o f a 5 t single helix  

but not for the alternative double-helix structure. Moreover, salt-jump 

kinetics measurements showed the transition to be first-order. The authors 

also succeeded in applying the Zim m -Bragg theory of helix -co il transition

(34) to show that ordered and disordered regions within a Xanthan 

molecule could coexist at temperatures not too far below T M. These 

results allowed them to interpret the sharp increase in the rate of ordering 

at temperatures approaching T M as a change in the rate-determining step 

from a slow nucleation process (when Xanthan molecules are, at the start, 

completely disordered) to a faster growth process (when partial ordering 

already exists in the starting solution). Xanthan molecules should 

therefore be viewed as fu lly  ordered helical rods only at temperatures well 

below T m (typ ically , 70K  below) and as broken rods at temperatures 

approaching T M , rather than existing in a binary, all-or-none (helix or 

stretched) state.

As already mentioned, Xanthan samples may d iffe r in molecular weight 

and acetate and pyruvate contents depending on the conditions under
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which fermentation occurred. A characterization of the Xanthan samples 

used for our investigation of the polysaccharide interaction with 

surfactants is therefore necessary.

2.2. E XPER IM EN TA L

2.2.1. Purification of Xanthan

Commercial Xanthan (K e ltro l T) from the Kelco Co. (C lark , NJ) was 

dissolved in  deionized water. A fter being heated at 90°C  for two hours, 

the solution was filtered through 0.45|J.m M illip o re  filters in order to 

remove cellu lar debris. The solution was then dialyzed against deionized 

water for several days and freeze-dried. The yellow color o f the 

commercial sample disappeared upon purification and the freeze-dried  

sample appeared white.

2.2.2. N M R  Spectroscopy

High-resolution proton magnetic resonance spectra of Xanthan 

solutions in D 2 O were recorded at 200 M H z  on a IB M  NR -200  

spectrometer, using tetramethylsilane as the chemical shift reference. 

Integrated peak areas were referred to an external standard o f p- 

dichlorobenzene in carbon tetrachloride, contained in a capillary located 

concentrically w ithin the sample tube.

2.2.3. Viscosity Measurements

The solutions' viscosities were measured at various shear rates with a 

Brookfield viscometer. The temperature was kept constant at 25°C ±  

0 .1°C .
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2.2.4. Particle Size Measurements

Particle-size analysis of Xanthan solutions was carried out using the 

Photon Correlation Spectroscopy (PCS) technique. The apparatus was 

from  Brookhaven Laboratories (the instrument configuration is shown in 

figure 2 .3 ). The light source was a 5 mW Helium -Neon laser 

(X =638.2nm ). The beam was passed through a focusing lens and then 

directed towards the solution. The sample cells were made of quartz. The 

detection optics consisted of a fie ld  stop (FS), a primary pinhole (P I) ,  a 

narrow-band optical filte r (N B O F), and selectable pinholes (P2).

Signals from the photom ultiplier (P M T ) were first am plified and then 

discriminated to produce a uniform pulse train. The pulses were then fed 

into the correlator.

The data were analyzed by a microcomputer using the method of 

moments.

2.3. RESULTS

2.3.1. N M R  Spectroscopy

Although the sugar ring protons of Xanthan give complex and 

overlapping N M R  bands that cannot be used in a quantitative analysis, the 

O-acetate and pyruvate substituents located on the side-chains can serve 

as spectroscopic probes because their methyl groups yield sharp singlets 

that can easily be resolved and integrated. Polymer molecules whose rigid  

conformation restricts their molecular motion usually give broad lines not 

detectible with ordinary high-resolution N M R  spectroscopy, however. In 

the case o f Xanthan, this obstacle can be circumvented by bringing the
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solution to a temperature above T M, so that the ordered conformation no 

longer exists. Fig. 2.4 shows the N M R  spectrum o f a 0.10%  Xanthan  

solution at different temperatures: at high temperatures, the solution gives 

two sharp singlets at 81.2 ppm and 81.9 ppm. These have previously been 

assigned to the methyl protons of the pyruvate and acetate groups, 

respectively (14 ,28). Upon cooling, both peak areas decrease and 

eventually disappear, as the rigid conformation is restored. The molar 

concentrations of pyruvate and acetate were calculated from their 

respective measured peak areas and that of the p-dichlorobenzene 

reference, using the equation:

4 A  r 2D *1

<2-»

where Ap and Ar are the peak areas o f the polymer and reference,

respectively, and

i*! = inner radius of capillary  

I?! = inner radius of N M R  tube 

r0  = outer radius of capillary

cr = molar concentration of p-dichlorobenzene

cp = molar concentration of either acetate or pyruvate

The mass of polymer per mole o f acetate (M ac) and the mass of 

polymer per mole o f pyruvate ( M py) are computed from the known 

concentration of Xanthan, and the degrees of substitution, DSac and DSpy, 

are obtained by solving the fo llow ing system of linear equations:
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where Mo represents the molecular mass of the five-sugar repeating 

unit o f Xanthan when neither the acetate nor the pyruvate group is 

present, and mac (mpy) corresponds to the increase in molecular mass 

caused by substituting an acetate (pyruvate) group.

The resulting values are DSac = 100% and DSpy = 85%.

2.3.2. Viscosity

The viscosity o f Xanthan solutions in 0 .01M  NaCl was measured at 

various shear rates (Fig. 2 .5). The values of the reduced viscosity 

extrapolated to zero shear rate were plotted against the polymer 

concentration (Fig. 2.6) and the zero-shear intrinsic viscosity was 

determined by extrapolation to zero concentration. A value of 7.2 1/g was 

obtained.

2.3.3. Photon Correlation Spectroscopy

Fig. 2.7 shows the values o f the z-averaged translational diffusion  

coefficient, < D t > z , obtained for Xanthan solutions at different sample

times. A ll data were obtained at a scattering angle o f 40°; no zero-angle 

extrapolation was necessary since, in the 0 -60° region, the average half­

width, r , has been shown to vary linearly  with the square of the 

amplitude of the wave-vector, K  (35). For highly polydispersed systems, 

however, the values of <  D t > 2  must be extrapolated to zero sample time

(35), which yields a value o f < Dt >z = 2 .2 x l0 ' 8  cm 2 s'1.
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2.4. DISCUSSION

Our measurements o f various properties o f Xanthan solutions are 

generally in good agreement with the previously published results. The 

degree o f pyruvate substitution o f our sample is higher than most o f the 

reported values, but at least one study (36 ) has reported an even higher 

value. The value o f the zero-shear intrinsic viscosity (7 .2  1/g) was 

obtained w ith Xanthan dissolved in 0 .01M  NaCl solutions. A direct 

comparison with the literature is not possible because of differences in 

experimental conditions. Holzwarth (37) found a value of 8  1/g for 

Xanthan in 0 .5M  NaCl + 0 .04M  PO 4  solution at 20°C , w hile Southwick et 

al. (38 ) reported values o f 7 and 8  for Xanthan in 0 .17M  NaCl and 0.5M  

NaCl solutions (T = 2 5 °C ), respectively. Our value is almost identical to 

these, and this is consistent w ith the results o f Rinaudo and Milas (39), 

who found that the intrinsic viscosity (not extrapolated to zero shear) of 

Xanthan solutions remained approximately constant at NaCl 

concentrations greater than 0 .01M .

O ur values for the intrinsic viscosity and the translational diffusion  

coefficient were used to estimate the m olecular weight o f Xanthan by 

means o f the Flory-M andelkern equation (40):
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k = Boltzman constant 

T -  temperature

p = 2 .5 x l0 6

*lo = solvent viscosity
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M D|T, was found equal to 1.5x10^. The molecular weight thus defined is 

not equivalent to the weight-average molecular weight. The two quantities 

have been shown (41) to satisfy the fo llow ing approximation:

M D,n ~  (M w ) ° '42S(M d )° 'S7S (2-4)

where M w is the weight-average molecular weight and M p is the

diffusion-average molecular weight defined by

<D® >z= K D(M Dr b (2-5)

with K d and b constants characteristic o f the polymer studied. Since 

most o f the reported values o f Xanthan's molecular weight are weight 

averaged, no direct comparison with our value can be made. One study 

only (42) reported a value for the molecular weight o f Xanthan (2 .4 x l0 6)

obtained by using the Flory-M andelkern equation. The viscosity and

light-scattering experiments were carried out in a different solvent (4M  

urea), however.
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FIGURE 2.2: Schematic Illustration of (a) the stretched conformation 
of Xanthan; (b) the partially ordered conformation; and (c) lateral 
association of ordered chain sequences yielding a weak gel-like network

stretched local order long-range network
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FIGURE 2.3: Instrum ent configuration fo r  
Photon C orre lation  Spectroscopy
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FIGURE 2.4: H-NMR Spectrum of Xanthan in D2O
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FIGURE 2.5: Viscosity of Xanthan in 
0.01 M NaCl solutions vs. shear rate

0.4g/l

T = 25°C

Q.
O

_  10 -
w
O
O
V)

0.3g/l

0.2g/l

0.1 g/l

shear rate (rpm)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

FIGURE 2.6: Plot of the zero-shear values of 
the reduced viscosity of Xanthan solutions in 
0.01 M NaCI vs. Xanthan concentration
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FIGURE 2.7: Diffusion coefficient of 
Xanthan in 0.01 M NaCI at 25°C
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CHAPTER THREE

BULK PROPERTIES 

OF

XANTHAN/SURFACTANT SOLUTIONS

3.1 INTR O D UCTIO N

The formation o f a polymer/surfactant complex can be expected to 

influence the microenvironment of both components, and thus to affect 

their respective properties: self-association for the surfactant, conformation 

and intermolecular association for the macromolecule. Among the methods 

that have been used to investigate these effects are the following: 

solubilization o f oil-soluble or fluorescent dyes (1 -4 ), N M R  spectroscopy 

(5 ), SANS (6 ), and, in the case of optically active macromolecules, circular 

dichroism and optical rotatory dispersion (7 ,8 ). But since the intrinsic 

viscosity of a polymer solution is a function o f the radius of gyration 

(itse lf determined by the conformation of the macromolecule), simple 

rheological measurements can be used to study conformational changes 

induced by adsorption of surfactant. Goddard's extensive viscometric study 

of cationic polymer/anionic surfactant systems showed that addition o f the 

surfactant can affect the polymer's Theological properties in different 

ways. A  comparative study (6) o f the interaction o f SDS with an acrylamide 

6-methacryloxyethyltrimethylammonium chloride (Reten) and a quaternary 

nitrogen substituted cellulose ether (Polymer JR) showed that little change 

in conformation accompanied the binding o f SDS to the former, whereas 

considerable changes were observed for the latter: at high polymer
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concentrations (ca. 1%), the relative viscosity increased 200-fold and was 

shear dependent, indicating that the bound surfactant promoted 

intermolecular association, while, at lower polymer concentrations (ca. 

0 .1 % ), addition of SDS resulted in a lowered viscosity. The increase in 

viscosity observed at high polymer content is unlike anything reported in 

the literature to date, although this may be due to a lack of experimentation 

at sufficiently high polymer concentrations. In contrast, the lowering of 

viscosity observed with more dilute polymer solutions has been found to 

occur in other oppositely charged polymer/surfactant systems (9). This 

effect is not specific to ionic surfactants: it is well known that adding a 

simple salt to a polyelectrolyte solution causes a decrease in viscosity due 

to a "coiling up" o f the macromolecule. However, viscosity measurements 

carried out by Abuin and Scaiano (2) on mixtures of Sodium Polystyrene 

Sulfonate (PSS) and Dodecyltrimethylammonium bromide (D TA B ) showed 

that the effect o f surfactant binding on the viscosity was much greater than 

that induced by the addition of an equivalent amount of 

tetramethylammonium bromide. These results imply that the effect of 

surfactant on the polymer solution viscosity cannot be interpreted solely as 

the consequence of electrostatic interactions (with shielding of the polymer 

ionic groups causing a reduction o f the coil dimension). The authors 

suggested that the greater lowering of viscosity was due to the tendency of 

the bound surfactant molecules to associate through their hydrophobic 

chains to form small aggregates, thus forcing the polymer chain to adopt a 

more coiled conformation. Similar effects were observed by Bekturov (10), 

who studied the viscosity characteristics of a series o f amphoteric polymers 

after the addition of anionic or cationic surfactants.
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As was found with solutions o f proteins below their isoelectric point 

that were mixed with anionic surfactants (11), the solubility behavior of 

oppositely charged surfactant and polyelectrolytes is complex. At low 

concentrations o f surfactant, the polymer solution remains clear, although 

surface tension measurements indicate that binding o f surfactant to the 

macromolecule occurs in this region. Continued addition o f surfactant 

results in the appearance o f a precipitate over a range of concentration, 

with maximum precipitation corresponding generally to a stoichiometric 1:1 

charge ratio. Further addition o f surfactant usually results in complete 

clarification o f the solution as the precipitated complex is resolubilized. 

Many factors have been found to affect the above phenomena. For instance, 

Goddard (12) and Vanlerberghe (13) showed that redissolution o f a 

polycation/SDS precipitate was very d ifficult, or impossible, when the 

charge density o f the polymer was very high. So far as the surfactant is 

concerned, irregularities introduced into the surfactant structure, such as 

chain branching or polyetoxy chains inserted in the hydrophilic headgroup, 

can render the dissolution process incomplete (12). Although the formation 

of precipitates is often viewed as a nuisance, Goddard showed that a study 

of the precipitation phenomenon itself can yield useful information: 

solubility diagrams of solutions containing a polycation (Polymer JR) and 

sodium alkyl sulfates of various chain lengths showed that the 1:1 

stoichiometry o f maximum precipitation no longer held when the polymer 

concentration was lowered beyond a certain critical value determined by the 

surfactant chain length. The longer the alkyl chain, the lower the critical 

polymer concentration. From these results, Goddard was able to calculate 

the adsorption energy per C H 2  group o f the alkyl sulfate surfactants.
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This chapter discusses the effect o f adding a nonionic, anionic, or 

cationic surfactant to aqueous solutions o f Xanthan gum, using data 

gathered by measuring viscosity and solubility.

3.2. EXPERIM ENTA L

3.2.1. Chemicals

Xanthan gum was a sample provided by the Kelco Co. (C lark, NJ). It 

was purified according to the method described in chapter 2.

Igepal CO -630, a polyoxyethylated nonylphenol with an average of nine 

ethylene oxides per molecule, was supplied by the G A F Corporation (New  

York, N Y ) and was used as supplied.

Sodium dodecylsulfate (SDS) was supplied by Aldrich Chemical Co. Its 

purity was 98%.

Cetyltrimethylammonium bromide, also supplied by Aldrich, had a 95%  

purity and was recrystallized twice in hexane/ethanol solvent.

3.2.2. Solubility Measurements

Concentrated solutions o f surfactant and polymer were mixed in various 

ratios and the final concentrations were obtained by adding an appropriate 

amount o f water. The solutions were stirred with a magnetic bar and set 

aside for several hours. The appearance of the solutions was described as 

clear (C ), turbid (T ), small precipitate (SP), or precipitate (P ). Ratings 

were assigned by eye. The points of maximum precipitation were 

determined by measuring the viscosity o f the supernatants. The solubility  

tests were conducted at room temperature (23 ±  2°C).
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3.2.3. Viscosity Measurements

The solutions' viscosities were measured with an Ostwald viscometer 

immersed in a temperature-controlled bath kept constant at 25 .0 ° ±  0 . 1°C. 

Calibration was done with distilled water.

3.3. RESULTS

3.3.1. Nonionic Surfactant

The effect of the addition of a nonionic polyethylencoxide surfactant 

(Igepal) on the viscosity of Xanthan solutions is shown in Figs. 3.1 and

3 .2 . The viscosity data are plotted in the form o f the reduced viscosity:

with

T] = solution viscosity

TJo = solvent viscosity, taken as that of the pure surfactant solution 

c = polymer concentration in g/1 

In  Fig. 3 .1 , the polymer concentration is kept constant and equal to 

0 .10  g/1 while increasing amounts o f surfactant are added to the solution. 

The measurements were carried out at pH = 7 .0  and p H = 2 .2 . At neutral pH, 

a small increase in viscosity is observed at surfactant concentrations below 

1x10' M , followed by a sharp decrease at higher concentrations. At acidic 

pH, the reduced viscosity remains constant up to 1x 10'3M Igepal, and 

increases slightly at higher concentrations. Fig. 3 .2  shows the effect of 

adding a fixed amount of surfactant (1 x 10'2M ) to Xanthan solutions of 

various concentrations, both in the presence of 0 .0 5 M  NaCl and without
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N aC l. Addition o f the surfactant results in a decrease in viscosity in the 

absence of salt, but has no effect on viscosity when the salt is present.

3.3.2. Anionic Surfactant

Figs. 3 .3  and 3 .4  show the effect o f adding various amounts of Sodium 

dodecylsulfate (SDS) to a 0 .10 g/1 Xanthan solution. Since the viscosity of 

the polysaccharide solution is dependent upon its ionic strength, the 

addition o f increasing amounts o f SDS decreases the polymer solution 

viscosity. The similar reduction in viscosity subsequent to addition of 

equivalent amounts o f NaCl (see Fig. 3 .3 ) allows us to rule out any 

specific interaction between the polymer and the surfactant, however.

F ig . 3 .4  shows the viscosities o f the same solutions as in Fig. 3.3 after 

a small amount o f CaCl2  (2x lO '4M ) has been added. At concentrations less 

than 1x10'4M , the presence of either SDS or NaCl does not affect the 

viscosity. At higher concentrations, however, addition of SDS results in an 

increase in viscosity whereas equivalent amounts o f N aC l slightly decrease 

it.

3.3.3. Cationic Surfactant

Fig. 3 .5  shows the solubility diagram of mixed solutions of Xanthan 

and Cetyltrimethylammonium bromide (C T A B ). At high polymer 

concentrations (> 0 .1 g /l) , the points of maximum precipitation could not be 

determined accurately either visually or through viscosity measurements. 

Nevertheless, the region in which "P" ratings were assigned corresponds to 

a solution composition with a polymer/surfactant charge ratio less than the 

stoichiometric value of 1 (indicated in the diagram by the dashed line). 

Maximum precipitation is therefore achieved under conditions of excess
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surfactant. A t lower polymer concentrations, the slope of the maximum 

precipitation line increases, eventually becoming vertical--and thus 

independent o f the polymer concentration—below 0 .05g /l Xanthan. These 

features are qualitatively similar to those obtained for the Polymer JR/SDS 

system studied by Goddard (12). But although the polymer JR/SDS 

precipitates could easily be resolubilized by the addition of excess 

surfactant, such is not the case for Xanthan/CTAB precipitates: whatever 

the polymer concentration, complete dissolution of the precipitate could not 

be achieved by further addition o f CTAB. When micellar solutions of 

surfactant were mixed with dilute Xanthan solutions (less than 0 .2 g /l), 

however, precipitation did not occur, presumably because of a significant 

degree o f adsorption of cationic micelles on the polymer molecules. The 

surfactant concentration required to prevent precipitation was found to be 

proportional to the amount of Xanthan present in solution; for 

concentrations greater than 0 .2g /l, the lim it o f solubility o f the surfactant 

(ca. 0 .0 5 M ) made it impossible to obtain precipitate-free solutions.

Fig. 3 .6  shows the effect o f adding CTAB on a 0 . 10g/l Xanthan 

solution's reduced viscosity. The dashed part o f the curve corresponds to 

the precipitation zone. The addition of equivalent amounts of 

tetramethylammonium chloride (TM A C ) to the Xanthan solution also causes 

a decrease in viscosity compatible with the effect o f salts on polyelectrolyte 

conformation but is less pronounced than that observed with the addition of 

the cationic surfactant, especially in the concentration region just prior to 

precipitation. (Sim ilar effects were reported by Abuin and Scaiano (2) for 

Dodecyltrimethylammonium chloride/Polystyrene sulfonate systems and by 

Goddard (1) for SDS/Polymer JR mixtures, although the latter study made
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no comparison between the effect o f SDS and that o f a simple analogous 

salt on the viscosity o f the polymer JR solutions.)

The drastic reduction o f solution viscosity in the precipitation zone is 

due to the removal o f most o f the polymer from the solution. At maximum 

precipitation, the viscosity is lowest and nearly equal to that o f the solvent. 

The viscosity increases again in the post-precipitation range, remaining 

lower with CTAB than that obtained with equivalent amounts o f TM AC.

3.4. DISCUSSION

3.4.1. Nonionic Surfactant

The drop in viscosity observed at surfactant concentrations greater than 

lx lO '^ M  (Fig. 3 .1 ) is similar to that obtained by Saito (14, 15) with mixed 

solutions o f polyoxyethylene surfactants and polymeric acids. Saito found 

that nonionic surfactants o f this type interact with polyacids (e.g. 

polyacrylic, polymethacrylic acids) through hydrogen bonding between the 

acidic protons o f the polymer and the ether oxygen atoms o f the surfactant. 

This interaction is further reinforced by hydrophobic attraction betwen the 

alkyl chains of the surfactant and hydrophobic segments o f the 

macromolecule. The amount o f bound surfactant increases with the total 

concentration o f surfactant. At low concentrations, surfactant molecules 

bind to the polymer individually, causing a decrease in viscosity as the 

polymer molecules fold. As the amount of bound surfactant molecules 

increases, a point is reached at which these molecules start to aggregate, 

and a much sharper decrease in viscosity is observed. In the case of 

Xanthan, interaction with Igepal CO-630 through hydrogen bond formation 

must also be considered; although the carboxylic groups of the
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polysaccharide are completely deprotonated at neutral pH, the hydrogen 

atoms o f its hydroxyl groups can form H-bonds. It  must noted, however, 

that the viscosity drop observed with Xanthan solutions occurs at 

surfactant concentrations at least one order o f magnitude above the cmc of 

the surfactant, while that observed with polyacid solutions occurs below 

the cmc. This difference is indicative o f a much weaker interaction between 

Xanthan and the surfactant, which can readily be explained by the fact that 

hydroxyl groups form  weaker H-bonds than do carboxylic groups. 

Moreover, since Xanthan molecules have a much more hydrophilic 

character than polyacids, attraction between the polysaccharide and the 

surfactant alkyl chains should be considered negligible. It  seems, 

therefore, that the very slight increase in viscosity observed in the pre- 

micellar region could be attributed to a small amount of monomeric 

surfactant bound to the polysaccharide, with no concomitant effect on its 

stretched conformation. The amount o f bound surfactant probably remains 

too low for the aggregation o f these bound molecules to take place, and 

only in the micellar region does a more significant interaction between 

Xanthan and surfactant micelles occur, forcing the former to adopt a more 

coiled conformation (hence the drop in viscosity).

A t p H = 2 .2 , Xanthan molecules are in the ordered conformation, due to a 

combination o f ionic strength and neutralization of the polymer's charged 

groups. The addition o f surfactant hardly affects the viscosity o f the 

solution, although the presence of acidic protons on the macromolecule 

would be expected to enhance the formation of H-bonds with the surfactant 

molecules. But these acidic protons can also form intramolecular hydrogen 

bonds with neighboring hydroxyl groups; Rinaudo and Milas (17) found 

that the smaller the degree of dissociation o f the carboxylic groups of
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Xanthan, the more stable the helical conformation. They suggested that 

intramolecular hydrogen bonding could be responsible for this enhanced 

stability o f the ordered structure. From the observed constancy of the 

viscosity, it can be deduced that the helical conformation of Xanthan is not 

affected by the addition o f surfactant. This implies, in turn, that the 

formation o f intramolecular H-bonds is more favored than the formation of 

intermolecular H-bonds (between Xanthan and surfactant). At this point, it 

is worth noting that, for the same polymer concentration ( 0 .10g/l), and no 

added surfactant, the viscosity o f the Xanthan solution at p H = 2 .2  is the 

same as that o f Xanthan in 0 .01M  NaCl (pH =7). The possibility that 

Xanthan formed intermolecular H-bonds can therefore be ruled out (an 

increase in viscosity would otherwise be observed). The extent of H - 

bonding between Xanthan and the nonionic surfactant is therefore 

considerably reduced, as a consequence o f i) the competitive formation of 

intramolecular H-bonds, and ii) the rigidity o f the helical conformation, 

which restricts the ability o f the polymer to wrap around the surfactant 

micelles.

3.4.2. Anionic Surfactant

The results shown in Fig. 3.3 indicate that the effect o f SDS on the 

viscosity o f Xanthan solutions is the same as that o f a simple salt, i.e ., a 

decrease in viscosity due to an increase in ionic strength. No specific 

interaction, therefore, is taking place between Xanthan and SDS.
9 4-The presence of Ca ions in solution, even in such dilute concentration, 

is sufficient to induce a conformational change--from stretched to helical--in  

the Xanthan molecules (divalent cations are much more effective than 

monovalent cations at screening electrostatic repulsions among Xanthan's
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carboxylate groups, and less of the former are therefore needed to induce 

the helical conformation). Under such conditions, addition of NaCl has no 

effect on the viscosity o f the polysaccharide solution, as expected. The 

addition o f SDS, on the other hand, results in a slight increase in viscosity 

above a surfactant concentration of about 1x 10'4M. In this concentration 

region, surfactant micelles are present in significant amount, and it seems 

likely that the viscosity increase is due to the adsorption of these micelles to
9  4.the polymer molecules, with the Ca ions acting as bridges between the 

anionic groups o f the two compounds.

The absence o f interaction between Xanthan and SDS (when Ca2+ ions 

have not been added) was expected, since a number o f studies (17, 18) of 

systems in which polymer and surfactant bear charges of the same sign 

have come to a similar conclusion. In contrast, no data have been published 

to date about the effect o f divalent ions on such systems.

3.4.3. Cationic Surfactant

The solubility diagram o f the Xanthan-CTAB system (Fig. 3 .5 ) shows 

that maximum precipitation is always obtained under conditions of excess 

of surfactant (with respect to the 1:1 stoichiometric charge ratio). This 

clearly indicates that the association between Xanthan and CTAB is 

relatively weak. The precipitation reaction can be represented by the 

follow ing equation:
P ( a q ) + n S (+aq) (P S n )(c) ( 3 - 2 )

It  can be seen that the presence of an excess o f surfactant implies that 

the equilibrium lies to the left-hand side of the above equation.

The overall features o f the solubility diagram are similar to those of the 

solubility diagrams obtained by Goddard (12, 17) for Polymer JR/ A lkyl
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sulfates systems. Goddard proposed the follow ing equation to describe the 

equilibrium at the point of maximum precipitation in these systems:

(C t - C e) = k [P ]  (3 -3 )

where C t and [P ] are the total concentrations of surfactant and polymer, 

respectively, and C e represents the equilibrium concentration of surfactant 

required to maintain the existence of the precipitate. The value o f C e is 

obtained from  the position o f the vertical part o f the precipitation line in 

Fig. 3 .5  . This equation allows an interpretation of the precipitation 

pattern:

At high Xanthan concentrations, C e is much smaller than Ct and eq. 3-3 

reduces to Ct = k [P ] , hence the linear top portion o f the precipitation 

line. At dilute Xanthan concentrations, [P ] tends to zero, and the fraction 

C t /C e thus approaches unity (i.e ., virtually all the added surfactant is 

required to maintain equilibrium with the precipitate), hence the vertical 

part o f the curve.

The comparison between Polymer JR/SDS and Xanthan/CTAB systems 

also shows several differences in solubility properties and precipitation 

pattern. Most significant is the fact that Xanthan/CTAB precipitates can 

never be completely resolubilized through addition o f excess surfactant. 

The "C" ratings that appear in the solubility diagram to the right of "P" 

ratings on the same horizontal line correspond to clear solutions obtained 

not by further addition of surfactant to an already precipitated solution, but 

rather by mixing a Xanthan solution with a micellar surfactant solution. 

Such clear mixtures could be obtained with dilute Xanthan solutions only 

(less than 0.1 g/1). The minimum surfactant concentration necessary to 

prevent precipitation increases with the amount of Xanthan in solution. For
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Xanthan concentrations greater than 0.1 g/1, such minimum surfactant 

concentration exceeds the solubility lim it of the surfactant itself and 

precipitation can no longer be avoided. From these observations we may 

conclude that when Xanthan molecules can interact w ith a significant 

number o f cationic micelles, the resulting polymer-surfactant complex 

retains a net charge--most likely positive--which prevents it from  

precipitating. The rheological data show that in such situations, the reduced 

viscosity o f Xanthan remains lower than that o f the polysaccharide in its 

helical conformation. A  smaller hydrodynamic radius indicates a more 

coiled-up conformation for the macromolecule. This result is consistent 

with the proposed arrangement o f Xanthan molecules wrapped around 

surfactant micelles.

The impossibility o f resolubilizing Xanthan/CTAB precipitates, together 

with the appearance o f maximum precipitation at Xanthan/CTAB charge 

ratios less than unity, seems to confirm the correlation between the two 

phenomena noted by Goddard in his investigation of a number o f cationic 

polymer/SDS systems (12 ). He suggested that both properties could result 

from steric effects due to a high charge density on the polymer molecules. 

Although Goddard does not state explicitly how such effects would 

influence the precipitation and resolubilization processes, a causal 

relationship can indeed be envisaged: i f  the charged groups on the polymer 

molecule are separated by a short distance, the access o f a surfactant 

molecule to a free site with adjacent sites already occupied w ill be 

hampered, hence the need for an excess o f surfactant to compensate for the 

relative inaccessibility o f the few remaining free sites. In the case of 

Xanthan, steric hindrance definitely plays a role, not only because of an
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overall high charge density, but also because of the occurrence on a number 

of side-chains of a carboxylate group (pyruvate) located in the immediate 

vicinity o f the anionic group borne by the glucuronate residue. On the other 

hand, the resolubilization process involves the formation of a second layer 

of bound surfactant ions, with their ionic groups pointing outwards and 

their alkyl chains in contact with those o f the bound surfactant in the first 

layer (11, 19). In order for this second layer to be formed, the free 

surfactant molecules must be able to come in contact with the first layer of 

bound surfactant. In the case o f a high charge density polymer, the 

proximity of the bound surfactant molecules to one another w ill facilitate 

the formation o f bound aggregates through hydrophobic attraction. This, in 

turn, w ill force the polymer molecules to coil around these pseudo­

micelles. As a result, the polymer/surfactant precipitate may have most of 

the bound surfactant located inside the loops of the macromolecule, and 

therefore relatively inaccessible to the excess surfactant present in solution. 

This explanation may not hold, however, for polymers lacking the 

conformational flexib ility  necessary to accommodate the aggregation of the 

bound surfactant molecules. The study by Kwak (20) of the interaction 

between cationic surfactants and a series o f anionic polysaccharides shows 

that the adsorption o f Tetradecyltrimethylammonium bromide on Sodium 

carboxymethylcellulose (which shares with Xanthan a common cellulosic 

backbone) exhibited very little cooperative effect, i.e ., hydrophobic 

interaction between bound surfactant molecules. The lack of flexib ility  of 

Xanthan molecules is also apparent in our viscosity data (Fig. 3 .6 ); in the 

pre-precipitation region, the reduced viscosity o f the Xanthan/CTAB  

solution is only slightly lower than that of the Xanthan/TM AC solution. As 

already mentioned in the introduction to this chapter, a significant
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hydrophobic interaction between bound surfactant molecules would result 

in a much greater lowering of the viscosity. ( It  must noted that this 

assessment o f the flexib ility  o f Xanthan molecules does not contradict our 

preceding depiction o f Xanthan as wrapping around cationic micelles, 

which requires only minor conformational changes.)

The relatively weak interaction between Xanthan and CTAB, as 

illustrated by the solubility and viscosity data, can readily be explained in 

terms o f factors known to affect negatively the interaction between the two 

compounds, i.e ., a high charge density and a conformational rigidity on the 

part o f Xanthan, and a bulky head group on the part o f CTAB. These 

factors do not suffice for a complete interpretation of the solubility  

properties of Xanthan/CTAB solutions, however, and it is necessary, at 

this point, to fall back on some detailed local structure (21) o f the polymer 

(fo r Xanthan it would be the presence of two charged groups on some of 

the side-chains) in order to account for our unexplained results.
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FIGURE 3.1: Reduced viscosity at 25°C of
O.lg/I Xanthan + Igepal CO-630 solutions
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FIGURE 3.2: The effect of adding 0.01M Igepal CO-630 
on the reduced viscosity of Xanthan solutions
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FIGURE 3.3: Reduced viscosity at 25°C
of 0.10g/l Xanthan + SDS solutions
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FIGURE 3.4: Reduced viscosity at 25°C 
of 0.1 g/1 Xanthan + SDS solutions 
with 2.0e-4M CaCI2 added
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FIGURE 3.5: Solubility diagram of
Xanthan + CTAB solutions at 25°C
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FIGURE 3.6: Reduced viscosity at 25°C
of 0.1 g/1 Xanthan + CTAB solutions
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CHAPTER FOUR

SURFACE PROPERTIES 

OF

XANTHAN/SURFACTANT SOLUTIONS

4.1. IN T R O D U C T IO N

Surface tension measurement as a means of studying polymer/surfactant 

interactions was pioneered by Jones (1), who showed that the addition of a 

fixed amount o f Polyethylenoxide, a nonionic polymer, to solutions of SDS 

resulted in drastic changes in the surface tension at the air/solution 

interface (Fig. 4 .1 ). Typically, th ey  vs log c curve obtained after addition 

o f a nonionic polymer to the surfactant solution (solid line) is characterized 

by the existence of a plateau between the concentrations T j and T 2 . Above 

T 2  , the surface tension decreases again, eventually reaching the value 

corresponding to that for the pure surfactant solution. Jones interpreted the 

presence of a plateau as evidence for adsorption of the surfactant onto the 

polymer. Adsorption begins at the concentration T j and continues until T 2  , 

at which point the polymer becomes saturated. Further addition of 

surfactant results in an increase in free surfactant concentration and 

subsequent decrease in surface tension, until micelles start to form and y 

becomes constant again.

When a charged polymer is added to a solution of an oppositely-charged 

surfactant, a lowering of the surface tension is observed at surfactant 

concentrations several orders of magnitude below the critical micelle 

concentration (Fig. 4 .2 ). Even as precipitation o f the polymer/surfactant
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complex occurs, the surface tension (dashed curve) remains significantly 

lower than that o f the pure surfactant solution (solid curve), and, as the 

precipitate is resolubilized by further addition of surfactant, micellization 

takes place and the two curves eventually coincide. The lowering of the 

surface tension has been attributed (2) to the fact that adsorption of the 

surfactant ion onto the polymer decreases its solubility and thereby makes 

it more surface active.

Goddard (2) measured the surface tension of a series o f cationic 

polymers/SDS solutions, observing that the presence of the charged group 

on the backbone rather than on the side-chains led to a greater lowering of 

the surface tension. Buckingham and Lucassen (3) used surface tension 

measurements to study the interaction between poly-L-lysine, a cationic 

polypeptide, and SDS. They showed that, above a certain polymer 

concentration, the surface tension depended on the surfactant concentration 

alone, making application of the Gibbs equation possible.

Surface tension measurements, however, have most often been used as 

a means to determine the surface pressure in an insoluble monomolecular 

film  spread over an aqueous substrate. I f  a water-soluble compound is 

introduced into the subphase and interacts with the molecules in the 

monolayer, changes in surface pressure, as well as in surface potential, 

w ill be observed. This monolayer technique has been used to study a 

number of interactions, including those between fatty acids and proteins 

(4 ,5 ), phospholipids and proteins (6 ), insoluble surfactant films and 

proteins (7 ), phospho- and glycolipids and monosaccharides (8 ,9 ), and 

cholesterol and soluble surfactants (10). Goddard (11) observed a drastic 

increase in the surface pressure of an alkyl sulfate monolayer upon the
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introduction o f a minute amount (lOppm) o f the cationic Polymer JR into 

the subphase.

Results presented in this chapter, obtained by combining surface tension 

measurements o f Xanthan/surfactant solutions with the monolayer 

technique, illustrate the effect o f Xanthan on the surface properties of 

anionic, cationic, and nonionic surfactant solutions. Fatty acid monolayers 

were used as both nonionic and anionic surfactants by varying the pH of 

the subphase; the cationic surfactant used was a quaternary ammonium 

compound.

4.2. E X P E R IM E N T A L

4.2.1. Surface Tension Measurements

Surface tension was measured using the Wilhemy blade method. A sand­

blasted platinum blade was attached to a transducer-amplifier (model 3 1 1A, 

Sanborn C o .). The amplified signal was sent to a recorder (Sargent Welsh, 

model SR G ). A ll glassware was cleaned with potassium dichromate/sulfuric 

acid solution. Distilled water was used in all preparations.

4.2.2. Chemicals

Palmitic and Arachidic acids were from EM Chemicals (Elm sford, N Y ). 

Stearyl dimethyl benzyl ammonium chloride (SDBA C) was a commercial 

sample (Ammonyx 4002) from Onyx Chemical Company (Jersey City, NJ) 

and was o f 94% purity. It  was further purified by repeated crystallization  

from a mixture of hexane and ethanol.
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Sodium dodecylsulfate, cetyltrimethylammonium bromide, and Xanthan 

were the same samples as described in the previous chapter (see 3 .2 .1 ).

Anhydrous hexane and ethanol were gold-label reagent grades, 

purchased from Aldrich Chemical Company (Metuchen, NJ).

4.2.3. Monolayer Experiments

The experimental setup is shown in Fig. 4 .3 . Surface pressures were 

determined from surface tension measurements using a sand-blasted 

platinum blade attached to a transducer-amplifier (M odel 311 A, Sanborn 

C o.). The amplifier signal was sent to a two-channel recorder (Sargent 

Welsh, Model DSRG ). Surface potential was determined through 

measurement of the potential between an air-ionizing electrode coated with 

226Ra and a silver/silver chloride electrode dipped in the substrate. The air- 

ionizing electrode was placed one to two millimeters above the surface and 

connected to an electrometer (Keithley, model 610B). The e .m .f. o f the cell 

consisting of the two electrodes, the electrometer, and the potentiometer 

(all in series) was measured prior to (Vo) and after (V ), the spreading of 

the monolayer. The difference, A V =V -V o  , is the surface potential. The 

potentiometer was in itially  set so as to oppose a potential equal to Vo, 

allowing the signal sent to the recorder to be read directly as AV.

The spreading solutions were prepared as follows. The surfactant to be 

spread was dissolved in anhydrous hexane (ca. 25mg o f solute in 25ml of 

solvent), and a few drops of ethanol were added, i f  necessary, to attain 

complete solubilization.

The subphase solutions were made from deionized water. The pH o f the 

solutions was adjusted by adding either HC1 or NaOH. The ionic strength 

was adjusted by adding NaCl. When the presence o f divalent ions was
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undesirable, a minute amount o f disodium ethylene diamine tetraacetate 

(N a 2 -ED TA ) was added. The solution was foamed in a sintered glass funnel 

with nitrogen gas in order to remove surface-active impurities, and the pH 

was then measured again. The temperature o f the substrate was regulated 

by circulating water through a glass cooling coil submerged in the solution.

The surfactant solution was spread evenly on the aqueous substrate with 

an Agla micrometer syringe. The isotherms of the fatty acids were obtained 

under rapid compression (~45A2/m n). The isotherms of the cationic film  

were obtained at low compression rate (~ 3 .5A 2/mn) in order to assure 

thermodynamic equilibrium. The equilibrium condition was verified by the 

fact that a step-wise compression o f the film  yielded identical values for the 

surface pressure in the range 0 to 20mN/m. Above 20mN/m, the values 

obtained by continuous compression were slightly higher than those 

obtained in the step-wise manner. Each experiment was repeated at least 

three times, and averaged values were used to plot the curves.

4.3. RESULTS

4.3.1. Surface Tension of Xanthan/Surfactant Solutions

Addition o f 0 .010%  Xanthan to solutions of the nonionic surfactant 

Tween 60 or o f the anionic SDS had no observed effect on the surface 

tension (Figs. 4 .4  and 4 .5 ). Fig. 4 .6  shows the surface tension of CTAB  

solutions at pH =7 and for various surfactant concentrations when 0.010%  

Xanthan has been added. The surface tension of the polymer-free CTAB  

solutions is also plotted in order to allow direct comparison. At very dilute 

surfactant concentrations, the presence o f the polysaccharide in solution 

does not affect the surface tension. As the CTAB concentration is increased

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 1

above 1x 10’7M , a lowering of the surface tension is observed, with the 

greatest lowering occurring at the onset of precipitation. In the 

precipitation region, the surface tension rises slightly and a relative 

maximum is observed at the point of maximum precipitation. In the micellar 

region, the two curves coincide.

When the solution pH is lowered to 3, the effect o f Xanthan is 

essentially the same as that observed at neutral pH (F ig . 4 .7 ). The 

departure from  the pure surfactant curve, however, occurs at more dilute 

surfactant concentrations, and the surface tension lowering remains slightly 

greater throughout the sub-micellar region.

4.3.2. Monolayers

4.3.2.1 Nonionic Films

Pressure and potential isotherms of palmitic acid were obtained at pH=3  

and 7, firs t without the polysaccharide in the subphase and then with 

0.01%  Xanthan added to it (Figs. 4 .8  and 4 .9 ). At pH =3, the palmitic acid 

is 100% in its undissociated form, while the polysaccharide has about half 

of its carboxylate groups protonated. At pH =7, the palmitic acid monolayer 

is slightly charged (about 30% of the acid in its dissociated form), while 

Xanthan is in its sodium form. Both figures show little or no effect on the 

fatty acid isotherms when Xanthan is present in the subphase. In the liquid- 

expanded/gas region, as well as in the incompressible solid region, the 

isotherms remain the same and the phase transitions from liquid-condensed 

to solid occur at the same values of area and pressure. The only noticeable 

change caused by the presence o f the polymer is a small increase in surface 

pressure and potential in the liquid-condensed region.
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4.3.2.2. Anionic Films

Palmitic acid films spread on a subphase at pH =10 are predominantly in 

their dissociated form. The palmitate form is not as insoluble as its 

protonated counterpart, however, and desorption occurs, especially when 

dilute salt solutions are used for the subphase. In the present study, 

desorption was confirmed by the fact that the film  could be compressed to 

areas as low as 10A2/molecule (Betts and Pethica (12) made the same 

observation for stearic acid at pH>9 and suggested that formation o f a 

bilayer occurs). In order to avoid desorption, palmitic acid was replaced by 

arachidic acid (20 C 's instead o f 16). Figure 4-10 shows the I l - A  and AV- 

A isotherms obtained without Xanthan and with 0.010%  Xanthan in the 

subphase. The results in the absence of polymer are in good agreement with 

the data of Christodoulou (13 ), except for the value of the film  vapor 

pressure in the L i-G  transition region (found to be 2mN/m instead of the 

5mN/m reported for Christodoulou's study, which used a much higher salt 

concentration in the subphase). The introduction of 0 .010%  Xanthan in the 

subphase did not change the pressure isotherm. The AV-A isotherms are 

also nearly identical, showing only a slight increase in surface potential at 

large areas.

Fig. 4-11 shows the II and AV isotherms obtained under the same 

conditions as in Fig. 4-10, except that now no chelating agent has been 

added to the aqueous substrate. The strong affinity between the carboxylate 

groups and divalent cations makes even trace amounts o f Ca2+ in the 

subphase sufficient to alter radically the pressure and potential isotherms 

of the fatty acid. In  the new FI-A  isotherm, which is typical of a condensed 

film , the "close-packed heads" region has disappeared. The effect of Ca2+ 

on the A V-A  isotherm is also drastic. The observed decrease in surface
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potential, however, is the reverse of what would have been expected on 

electrostatic grounds. Goddard (14) reported a similar change for stearic 

monolayers a tp H = 1 0  when small amounts o f Ca2+ or M g2+ were added to 

the subphase.

When 0 .010%  Xanthan has been added, a significant increase in surface 

pressure is observed at areas below 35A 2/molecule, and the collapse 

pressure is about 5m N/m  greater. The presence of the polymer also 

increases the surface potential by as much as 20mV.

4.3.2.3. Cationic Monolayers

In Figs. 4 -12 and 4-13 are shown the pressure and potential isotherms 

of the quaternary ammonium surfactant (SD B A C ) spread on 0 .40g /l xanthan 

subphase solutions at pH =3 and pH =7, respectively. The pressure isotherm 

(w ithout Xanthan in the subphase) is the same at both pH 's and is typical 

of an ionized monolayer with a "close-packed heads" region at large surface 

areas. The transition from expanded to condensed phase did not cause any 

discontinuity in the slope of the curve. The values of the collapse area and 

pressure are 45A 2/molec. and 36mN/m, respectively. The A V -A  isotherms 

show a quasi-linear dependency o f the surface potential on the molecular 

area with a slope o f 2 .0m V  per A 2/molec. at pH=3 and 2 .3m V  per 

A 2/molec. at pH =7. The data of Davies (15) obtained for 

octadecyltrimethylammonium chloride on 0 .0 1 M  NaCl substrate yield a 

value o f 2 .5m V  per A 2/molec.

Upon addition o f 0 .4 0 g /l Xanthan, the pressure isotherms show a 

substantial expansion between ca. 60 and 180A2/molec. The increase in 

surface pressure occurs at both pH's and is most pronounced around
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90A 2/molec. I t  vanishes near the collapse point as well as at very large 

areas. The A V -A  isotherms show much less dramatic changes: the presence 

of the polymer in the subphase causes a slight increase in surface potential 

at both acidic and neutral pH 's , the effect being smaller in the latter case. 

F ig .4 -14  shows the increase in surface pressure observed upon addition of 

Xanthan in the subphase plotted as a function of the initial surface 

pressure, i.e . the surface pressure measured when the subphase contains no 

polymer. I t  is apparent that the pressure increase is slightly greater at 

acidic pH  than it is at neutral pH.

The effect o f temperature is shown in Figs. 4-15 and 4-16. In the 

temperature range investigated, 10 to 31°C, the pressure isotherms obtained 

for a subphase containing 0 .040%  Xanthan show very little variation. Fig. 

4-16 shows the pressure increase A ll due to 0.040%  Xanthan as a function 

of the film  in itia l pressure, for different temperatures. At all temperatures, 

a maximum pressure increase is obtained around n=10mN/m, which 

corresponds to a surface area o f 90 to 95A2/molec.

The effect o f Xanthan concentration on the pressure isotherm is shown 

in Figs. 4-17 through 4-20. When AIT is plotted against the logarithm of 

the polymer concentration for a fixed pressure and temperature (Figs. 4-21 

through 4 -24), a linear relationship is observed at low polymer 

concentrations. A t higher concentrations (above ca. 0 .0 1 % ), the values of 

A ll  level o ff and become almost constant.
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4.4. DISCUSSION

4.4.1. Nonionic and Anionic Surfactants

The lack o f observed effect of Xanthan on the surface tension of the 

nonionic and anionic surfactant solutions was expected, since the absence 

of interaction between polymer and nonionic surfactant or between polymer 

and surfactant bearing a charge of the same sign is well documented (16- 

18). The monolayer experiments with palmitic acid also show no interaction 

between the uncharged film  and the polysaccharide. The small changes 

observed in the A V-A  isotherms fall within the range o f experimental error. 

It  is conceivable, however, that the presence o f polymer molecules beneath 

the insoluble film  slightly modifies the structure and orientation of water 

molecules, thereby causing a small increase in the vertical component o f the 

dipole moment o f these molecules. The possibility for Hydrogen bonding 

between the carboxylic groups of the fatty acid molecules and the hydroxyl 

groups o f the polysaccharide could also be considered as a way to account 

for the small increase in surface pressure observed at neutral pH (Fig. 4- 

9). Johnston et al. (19, 20) have shown that the compression isotherms of 

cationic surfactant and phospholipid monolayers were expanded when 

monosaccharides (glucose, galactose, mannose, etc.) were introduced in 

the subphase. They suggested that the sugar molecules are coordinated to 

the ionic headgroups of the lipids through Hydrogen bonds, and that the 

driving force was entropic in nature: a single sugar molecule can form an 

H-bond for each of its hydroxyl groups, thereby replacing several water 

molecules in the hydration shell of the ionic groups and increasing the 

overall entropy of the system. It must be noted, however, that the 

significant increases in surface area obtained by Johnston's group 

corresponded to sugar concentrations at least 300 times greater than the
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concentrations o f Xanthan used in our experiments. In the case of very 

dilute Xanthan concentrations, these effects can be considered negligible.

Similar conclusions can be drawn in the case o f an anionic monolayer 

(Fig. 4 -10 ), except for the situation in which divalent cations are available 

at the interphase. The increase in surface pressure (Fig. 4 -11) observed in 

this case indicates clearly that the simultaneous presence of Ca2+ and 

Xanthan affects the environment o f the ionized fatty acid molecules. The 

strong affinity o f Ca2+ for the carboxylate groups of both Xanthan and 

arachidic acid suggests that the divalent cation acts as a bridge between the 

anionic groups o f the two compounds, which results in the penetration of 

certain segments o f the polymer molecule into the interface and, as a 

consequence, in an increase in surface pressure. The number o f such 

penetrating segments probably remains small, since the surface pressure 

increase is not observed at areas greater than 35A2/molec. The strength of 

the interaction, however, is confirmed by the increase in the collapse 

pressure. An alternative explanation could also be considered, i.e ., 

Xanthan acts as a chelating agent itself, thereby removing the Ca2+ ions 

from the surface. This hypothesis can be ruled out, however, since the 

addition of an excess o f Ca2+ to the subphase yielded a compression 

isotherm similar, i f  not identical, to that shown in Fig. 4-11.

The effect on the surface potential isotherm, although indicating 

significant modifications o f the interface as well, does not lend itself to a 

straightforward interpretation, since it presupposes an explanation for the 

effect o f Ca2+ alone on AV. When the divalent ion is present in the 

subphase, without Xanthan, the surface potential at areas greater than ca. 

45A 2/molec. is nearly zero, indicating that Ca2+ has effectively penetrated 

the plane of the negatively charged head groups of the fatty acid. Using the
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schematic representation of Davies (15), shown in Fig. 4-25, the cation can 

be pictured as being somewhere around the plane CD. Upon compression, 

AV becomes increasingly negative, suggesting that Ca2+ ions are being 

squeezed out and relocated beneath the plane CD. In this context, the less 

negative values o f AV obtained with Xanthan in the subphase would tend to 

indicate that the squeezing-out o f Ca2+ ions is being opposed by the 

presence o f the polymer segments adsorbed at the interface, possibly 

because o f steric hindrance.

4.4.2. Cationic Surfactant

The effect o f Xanthan on the surface tension of CTAB solutions is 

relatively small compared to that obtained by Goddard for a series of 

cationic polymers on SDS solutions (2). It is, however, consistent with his 

finding that polymers having their charged groups located on the side chain 

rather than on the backbone have a smaller effect on the surface tension. 

Moreover, the stiffness o f Xanthan’ s backbone, whether in the stretched or 

in the helical conformation, definitely restricts the extent of the interaction. 

Comparing the change in the compression isotherm of the cationic 

monolayer due to the addition o f 0 . 10g/l Xanthan (1000 ppm) with that 

obtained by Goddard for the Polymer JR/eicosylsulfate system (21 ) makes 

the limited effect o f Xanthan on the surface properties o f the cationic 

surfactant even more apparent. In Goddard's results, the overall features of 

the n -A  isotherm of the anionic monolayer are completely altered by the 

mere introduction of lOppm of the cationic polymer into the subphase; a 

significant pressure increase is observed even at very high surface areas, 

and the film  collapses at a much higher pressure. In contrast, the effect of 

Xanthan on the cationic film  F I-A  isotherm is not only quantitatively much

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 8

smaller, but also qualitatively noteworthy for preserving the shape of the 

isotherm. A t very large surface areas, the presence o f Xanthan in the 

subphase results in a slight decrease instead o f an increase in surface 

pressure. Above ca. 30m N/m  the compression isotherm is no longer 

affected by the introduction of Xanthan in the subphase, and the collapse 

pressure is unchanged. These results lead us to conclude that the 

interaction between Xanthan and the cationic surfactant is weak, and that 

the monolayer expansion is primarily due to the replacement of a number of 

chloride counterions by carboxylate ions o f Xanthan, with very little or no 

penetration o f segments of the macromolecule into the hydrophobic region 

of the monolayer (above the plane CD in Fig. 4 -25). The magnitude of the 

surface pressure increase is quite consistent with such a mechanism. 

Christodoulou and Rosano (13) showed that the compression isotherm of 

stearic acid spread on solutions of various alkali metal hydroxides was very 

much influenced by the nature o f the metal cation, which acts as counterion 

to the carboxylate groups of the fu lly ionized monolayer. The potassium 

and cesium forms o f the stearate monolayer, for instance, yield ri-A  

isotherms that are almost identical in shape, with the latter one displaced to 

greater surface areas. The difference in surface pressures measured at the 

same molecular area can be as great as 15mN/m. In the case of Xanthan, it 

is doubtful that all chloride ions could be replaced by carboxylate groups, 

i f  only on steric grounds. The ion exchange results in such a drastic change 

in the environment o f the surfactant headgroup, however, that the 

replacement o f even a small fraction of the chloride ions could conceivably 

bring about the observed increases in surface pressure.

The fact that the effect on the surface tension and on the cationic film  

pressure is greater at acidic pK than it is at neutral pH may seem
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surprising, since under the former condition a number o f the 

polysaccharide's charged groups (about half) have been neutralized. This 

charge neutralization gives a more hydrophobic character to the 

macromolecule, however, thereby enhancing the surface activity o f the 

poiymer-surfactant complex. Sim ilarly, Rosano (7) found that the increase 

in surface pressure o f an anionic film  due to the penetration o f a positively 

charged protein was maximal at the isoelectric point.

The effect o f temperature on the magnitude of the surface pressure 

increase is quite small for the range of temperatures investigated. This is 

consistent with a mechanism involving prim arily electrostatic forces of 

attraction. In contrast, were hydrophobic interactions to play a significant 

role in the process, the compression isotherms would be affected markedly 

by changes in temperature.

The plots o f A ll vs n  shown in Figs. 4-22 through 4-24 recall similar 

results obtained by Pethica (22) for the penetration of a water-soluble 

surfactant into an insoluble monolayer. Pethica (22 ) and later Alexander 

(23) used the Gibbs equation o f adsorption to derive expressions allowing  

the computation of the surface concentration of the penetrating species at 

constant temperature and monolayer surface concentration. These 

expressions cannot be applied directly to our experimental data, given the 

differing mechanisms involved. The counterion exchange results not only 

in the occurrence o f a new component in the monolayer, but also in a 

change in the concentration of the original insoluble component. An exact 

quantitative treatment o f the interaction o f Xanthan with the cationic 

monolayer would be possible only if  the monolayer experiments were 

conducted in conjunction with experimental methods (e .g ., radiotracer 

techniques) that would independently provide information about the surface
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concentration of one of the monolayer components. On the other hand, a 

number of simplifications can be made, that w ill allow a thermodynamic 

treatment o f the interaction. As already discussed, the increase in surface 

pressure can be safely attributed to the penetration o f carboxylate groups of 

Xanthan into the monolayer, thus displacing some of the chloride 

counterions. Follow ing Fowkes (24), the insoluble monolayer can be 

treated as a distinct phase, and at equilibrium, the partial molar free energy 

of the carboxylate groups in the monolayer and in the bulk phase must be 

equal:

H„(COO-) = nM (COO-) (4-1)

where

(COO- ) = Hg + RT LnaB (4-2)

jiM (COO“ ) = + R T Iiia M + f 17"1 ApdO (4-3)
jn ,

with A p the partial molar surface area of the COO' groups, and Eh and 

l le q . the in itial surface pressure and the equilibrium surface pressure,

respectively. Assuming that both the bulk phase and the monolayer are

ideal solutions, equation (1) becomes:

Hb + RT Iiic = njjj + RT LnXp + f 0"1 Apdll (4-4)
Jn,

where c and X p  denote the bulk concentration and the surface molar

fraction of carboxylates, respectively. Equation (4) can be rewritten as

follows:

= A G p°en = R T L n ^ j  -  J^ cq Apdll (4-5)

where AGpen represents the partial molar standard free energy change of 

Xanthan’ s carboxylate groups upon penetration into the monolayer. The
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quantities A p and X p  can be computed by applying the Gibbs'equation of 

adsorption. At constant temperature and pressure, it can be written as

till = r i  r M auiaM + Ri I qj dLna ĵ + RTlp dLnap (4-6)

where r  is the surface concentration, and the subscripts M , C l, and P 

refer to the insoluble cation, the chloride ion, and the anionic group o f the 

polymer, respectively. I f  the experiment is carried out in the presence o f an 

excess of salt (e .g ., N aC l), and the bulk phase is again assumed to be an 

ideal solution, equation (6) becomes:

d n  = R T rM dLnaM +  RTTP dLn c (4-7)

Pethica (22) showed that when the monolayer is in or near the

condensed region, equation (7) can be reduced to

dn = -M_— RTrPdLnc (4-8)
a m  ~  a m

with A m  the area per molecule o f M  as spread on the trough, and AM

the partial molar area o f M. The latter is assumed to be equal at a given

surface pressure to the molar area of M  at the same pressure when the

polymer has not been added to the subphase. A p and Xp can then be

computed by using the following expressions:

Ap = M. =  R T ( - i S . )  '  ( 4 . 9 )

Am Ip (dLnc)

and

XP = . Am_. Am_  (4-10)
A M ”  A M +  A P

Figure 4 .26  shows the values obtained for AGpen as a function of the initial 

surface pressure and for different temperatures. At very low and very high
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in itia l surface pressures, values could not be computed due to the 

unre liab ility  o f the data, A fl being in these regions o f the order o f the 

experim ental e rro r.T h e  values o f  AGpen vary only s ligh tly  w ith  I I I ,  and at

all temperatures a small minimum is observed around 10 to 15mN/m .In  

figure 4 .27  are shown the variations o f AGpen with temperature. At all

values o f I I I  a linear relationship is observed, allowing the direct 

computation of the standard change of enthalpy, AHpen , and o f the standard 

change o f entropy, ASpen . Values for the former are found to be in the 

range 30 to 35kJ/Eq, while ASpen varies from 180 to 203 J /Eq.K . These 

thermodynamic values indicate that the penetration process is entropycally 

favorable while enthalpically unfavorable. It  is worth mentioning that 

Kw ak et al. (25) have obtained similar values for the interaction between 

dodecyltrimethylammonium bromide (DTAB) and the anionic 

polysaccharide dextran sulfate, although through an entirely different 

approach. In  their study surfactant binding was determined by means of a 

solid-state-surfactant selective electrode, and the resulting experimental 

binding isotherms were interpreted in terms o f the model developed by 

Schwarz (26) and Satake (27) (see section 1 .3 .3 .2 .). In the range 5 to 35°C 

their calculated values o f the standard free energy o f surfactant binding by 

the polymer varied from -2 2 .6  to -25.9kJ/m ol, and they found the 

corresponding A H 0 and AS0 to be constant and equal to 8.3kJ/m ol and 

112J/mol K , respectively. Although the similarity in the values of the 

change in standard free energy obtained by the two methods should be seen 

as probably coincidental since different standard states have been used, the 

fact that both approaches agree as far as the enthalpic and entropic nature 

of the polymer/surfactant interaction is reassuring when considering the
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number o f assumptions made in the present study. The much greater value 

of A H 0 obtained in the case of the Xanthan/SDBAC system can be 

interpreted as the consequence of a greater steric hindrance: the head group 

of SDBAC is bulkier than that of DTAB and the polysaccharide dextran 

whose backbone consists of a -D ( l -6 )  glucoside linkages is more flexible  

than Xanthan.

In  conclusion, the results obtained in this study seem to validate the 

thermodynamic approach that was chosen. It  remains to be seen, however, 

whether it is applicable to other polymer/surfactant systems, and i f  it is, 

whether it can provide a sensitive tool for analyzing the various factors that 

influence polymer/surfactant interactions.
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FIGURE 4.1: Schematic illustration of the 
effect of a neutral polymer on the surface 
tension of solutions of an Ionic surfactant
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FIGURE 4.2: Schematic illustration of the 
effect of an anionic polymer on the surface 
tension of solutions of a cationic surfactant
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FIGURE 4.3: Experimental apparatus for measuring 
the surface pressure and surface potential
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FiGURE 4.4: Surface tension at 25°C of
Tveen 60 + 0.1Qg/l Xanthan solutions

6 0

«•s.
Z
E

— • 0.1 Og/ ]  Xanthan

6 0  -e
o

o>o SO -

•40 -

3 0 i  11 m i l l

1 0 _a 1 0 -2  1 0 -1

surfactant concentration (m o l/1 )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7 8

FIGURE 4.5: Surface tension at 25°C of
SDS + 0.1 Og/I Xanthan solutions

no Xanthan

0.10g/I Xanthan
70 -

E
z

60 -

Co
incO)

50 -o>o
CO

40 -

SDS concentration (mol/l)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



FIGURE 4.6: Surface tension at 25°C of 
CTAB + 0.01g/l Xanthan solutions at pH=7
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FIGURE 4.7: Surface tension at 25°C of
CTAB + 0.1 Og/I Xanthan solutions. pH=3
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FIGURE 4.8: IT-A and AV-A isotherms of palmitic
acid at pH=3 on O.IOg/i Xanthan subphase. T=25°C
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FIGURE 4.9: II-A  and AV-A isotherms of palmitic
acid at pH=7 on 0.10g/1 Xanthan subphase. T=25°C
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FIGURE 4.10: IT-A and AV-A isotherms of arachidic
acid at pH=10 on 0.10g/l Xanttian. T=25°C
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FIGURE 4.11: U-A and AV-A isotherms of arachidic 
acid on 0.10g/l Xanthan + CaCl subphase at pH=10. 
T=25*C
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FIGURE 4.12: TT-A and A V-A  Isotherm s of SDBAC 
on 0 .0 4 g /l Xanthan subphase a t pH=3. T=25°C

600 -
>
E

0

50D -

h.3

300-

30 -
*-s
E>.x
E

20 -

«>u
to -

T

200

area per molecule (&2)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86

FIGURE 4.13: TI-A and AV-A isotherms of SDBAC 
on 0.04g/1 Xanthan subphase at pH=7. T=25°C
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FIGURE 4.14: Plots of the increase in surface pressure 
vs. the initial pressure for a 0.04g/l Xanthan subphase 
at pH=3 and pH=7. T=25°C
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FIGURE 4.15: II-A  isotherms of SDBAC on
0.4g/l Xanthan subphase at different temperatures
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FIGURE 4.16: Plots of the surface pressure increase 
vs. the initial surface pressure at different temperatures, 
when 0.4g/l Xanthan has been added to the subphase
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FIGURE 4.17: Plots of the increase in
surface pressure vs. the initial film
pressure at 10°C
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FIGURE 4.18: Plots of the increase in
surface pressure vs. the initial film
pressure at 15°C
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FIGURE 4.19: Plots of the Increase in
surface pressure vs. the initial film
pressure at 25°C
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FIGURE 4.20: Plots of the increase in
surface pressure vs. the initial film

pressure at 31°C
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FIGURE 4.21: Plots of the Increase in surface
pressure vs. the concentration of Xanthan in
the subphase at 10°C and constant initial pressure
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FIGURE 4.22: Plots of the Increase In surface
pressure vs. the concentration of Xanthan in the
subphase at 15°G and constant Initial pressure
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FIGURE 4.23: Plots of the increase in surface
pressure vs. the concentration of Xanthan in the
subphase at 25°C and constant initial pressure

n  = 11.9mN/m 
0

1"̂  = 6.1mN/m 

:4.0lmN/m 

= 3.0mN/m

E
z
E

10 -

o
V)
(0
ow
oc

<Dk-
3
V)
V)
oL.
Q.

■ .01.001 .1 1

Xanthan concentration (g/l)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9 7

FIGURE 4.24: Plots of the increase in surface 
pressure vs. Xanthan concentration at a 
constant initial pressure. T=31°C
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FIGURE 4 .2 5 :  S c h e m a tic  i l l u s t r a t i o n  o f  th e  a rra n g e m e n t 
o f  d e te rg e n t  io n s  a t  th e  a i r - v a t e r  in te r fa c e

L  y :
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Figure 4.26: Change in standard free energy of 
penetration vs. the initial surface pressure.
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Figure 4.27: Partial free energy of 
penetration of Xanthan vs. temperature
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