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Abstract

Surface tensions of aqueous solutions of oppositely chasgelium poly(styrene
sulfonate)benzyldimethylhexadecyl ammonium chloride argbdium poly(styrene
sulfonate)polyallylamine hydrochloride have beeneasured by the Wilhelmy plate
method as a function of temperature and addition of NaCl and,Galfs. The surface
activity of the pure polyelectrolytes is very low. Upon mixing the polyelectrolyte with the
oppositely charged surfactant, benzyldimethylidecyl ammonium chloride,
complexation takes place which showed significant surface activity. The same trend was
found when the polyelectrolyte was mixed with the oppositely charged polyelectrolyte
polyallylamine hydrochloride. The surfatansion of the plyelectrolytesurfactant mixture

is lower than that of the pure surfactant but only at low concentrations of the
polyelectrolyte £ 0.1 g /100 ml). At relatively higher concentrations it is higher due to
diminishing of the complexation process and thesgtrface activity. It is found that the
complexation process between either the polyeledafslyrfactant or the
polyanionpolycation is enhancetly increasing temperature or addition of salts. The
surface excess entropy was calculated from the temperdapendence of the surface
tension to get more insight into the ordering at the surface. A downward peak was
observed in the behavior of the surface tension as a function of the poly(styrene sulfonate)
for the case of the polyanion/polycation mixtureqtial amounts (0.1 g/100ml) of the two
polyelectrolytes. This peak may indicate that the complexation process is at its maximum
and therefore the surface activityasits maximumvalue Finally, it has to be mentioned

that studies on the surface activdlthe complex formed from the polyanion/polycation

mixture are lacking and thuswaajor partof this study is absolutely needed.



Chapter 1

1. Introduction

1.1 Interfacial T ension

Interfacial tension is defined as the force of attraction between theeaulels at the
interface The Sl unitsof interfacial tension are milNewtons per meter (mN/n9r mJ&
[1]. Whenthe interfaceis between a liquid and a gas, it is calsadface ¢nsion and for

the solidgasinterface,it refersto surfice free energy.

Molecules in the liquid possess tbehesiveforces;theseforces exist between the particles
and down to the joint liquidvith all neighboring atoms. tAthe surfacethey have no
neighboring atomsabove and exhibit stronger attractive foes up totheir nearest
neighbors onthe surface. Thisntermolecular attractivdorce at the surface is called

surface tension.

Whentheseforces are between like molecules, they are referred to as cohesive forces. For
example, the molecules of a water gled are held togethdry cohesive forcedVhen the
attractive forces are between different molecules, they are said to be adhesiveAforces.
example is thedhesion forces betweavater molecules and the walls of the glass tube,
which lead to an upwardutning meniscus at the walls of tiwessel and contribute to

capillary action[2-4].

Surface tension plays a significant role in many natural phenomena, such as capillary
action,the shape of droplets atite formation of capilry waves at liquid surfacesigure

1. shows aschematic sketch of atomic or molecular bondinp@surfaceand in the bulk.
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Fig. 1.1 Schematic sketch of atomic or molecular bonding at the surface and in tt

1.2 Polyelectrolytes

Polyelectrolytes arenacromoleculeghat carrymany ionizablegroups attached to their
polymeric backbone. The combination of largelananasses and high charge densities
gives these molecules distinctiydysicochemical properties different from that of both
simple electrolytes and uncharged polymers. The ionizgiolepscan dissociatén polar
solvens such as watehat leave chargedolymer chainsand counter iongs shown in
Fig.2.

Fig.1.2. Schematic diagram of a polyelectrolyte. The solid line represents the
polymer backbone and the groups with negative chargagpresented by
circles with €) signs



1.2.1 Typesof Polyelectrolytes

Polyelectrolytesare classifiednto various typesccording taodifferent criteria. Based on
their origin they are classified as naturdiiglogical), inorganic mirrals and synthetic
polyelectrolyts. Natural or biological polyelectrolytes include proteins, nucleic acids,
pectins,sialic acid. Examples of inorganic polyelectrolytes are polypletsgh silicates
and tungstates. Synthefiolyelectrolytesinclude polyacrylic acid, polystyrene sulfonate,
polyallylamine, carboxymethyl cellulose and their salsother classification iselated to
the nature of ionic groups attached to polymeackbonelf it is negative the polymer is
called a polyanion or simply am@ polyelectolyte. If the darge is positive then it is
called polycation or simply cationfmlyelectrolyte A polymer that containboth negative

and positive groupsn its backbone isalled polyampholyteor ampholyticmolecule[5-6].

1.2.2 Interfacial Tension of Polyelectrolytes

The adsorption of polyelectrolytes onto surfaaad interfacess very important in many
technologiesExamples includingadsorpgion of electrolytesonto colloid surfacesvhich
plays essential role in the stabilization of emulsonn food, photographjcand
pharmaceutical industrieg\dsorption of biological polyelectrolytes is anajor stepin
many biochemicaprocessesUnderstandinghese processes g interestto control both
contaminatios in biotechnology processasdbiocompatibility in biomedical applications
[7]. Moreover, he adsorpon of syntheticpolyelectrolytess of great importance tearious
applied industrial problems Because of its water solubility, these polymemse
environmentally friendlyand can be useéh biological systems or in personal care
productsand these fields are promising and largely open. Adsorption propertiesrgédh
polymers are specified twontrol specific characteristics of thegwoducts, whichldepend
on the stability of theuspen®n and emulsions and obikity to change sdace properties
by adsorption. Irgeneral applications depend on either attaclebdrge bains on a solid

surface or locatng them on the liquid / liquiar liquid / air interfac8].

A common condition okdsorption ofpolyelectrolyteson the surfacéasshownthat the
adsorbed layers can be thiwith the chain ling on the surfaceor can bemore fla, with
the chains forning loops and nested ends betwe#me adsorption trains in the

configuration"pseudo brush9-10Q].



This conformation of chainglepends mostly on the charging part of the polymer and the
charge of the surface of the substrate, and depends on the force of electrical attraction
between the chain and the surface and its effects on ddeoetgration. Thiss attributed

to extremely high strength in electrical attraction.

Neutral surface conditions somewhat differentfrom charged surfacesince the
electrostatic part ofnteraction with the surface repulsive and there ia drain layer(a
depletionlayer). This is usuallythe case for the free surfaceapolyelectrolyte solutio
where no adsorption iknown to happeand the intdacial properties remaifil].

From a fundamental point of view, itimportant to invesgate how the conformation of a
polyelectrolyte is changed near an interface and filagtors, which control the
conformation such ake adsorbedmount, and the distribution obunter ion§12-14]. In
this regardjt is important toinvestigate the physahemicd properties of polyelectrolytes
at surfaces and interfacesd surface tension is one of theportant properties among

these

1.2.3 Applications of Polyelectrolytes

Polyelectrolytes havenany applications irdifferent fields, such as water treatmeas
flocculation agents, ceramic slurries as dispersant agents, and concrete mixtures-as super
plasticizersPolyelectrolytes had aldmeen utilized irfields of catalysis, organic synthesis,
extraction, electrochemical processes and separtithnologyMany shampoos, soaps,

and cosmetics contain polyelectrolytes. Certain polyelectrolytesalso added to food
productsas food coatings anrelease agents. Some examgles pectin (polygalacturonic

acid), alginates (alginic acid), and carboxymethyl ce#ial of which the last one is of

natural origin[15-17].

Polyelectrolyte interactvith surfactarg in solutions to generate systems thet used in
many industrial, pharmaceutical and technological applications such as food, medicine and

nanotechnoloigal produts [18].

1.3 Introduction to Surfactants
The term surfactant comes from an active surface agent. Surfactant is a ceabstahce

that changes the interfacial properties kysaption to the boundarpetween two
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immiscible phaseg419]. They are mphiphilic moleculesthat have both hydrophobic
(soluble in lipids, or oils) and hydrophilic parts (wasetuble) andare thus asiorbed onto
the airwaterinterface They tie themselveso that the hydrophobic part is in the air and
the hydrophilic partis in the wateras $iown in Fig. 1.3. This will cause alecrease in
surface or interfacial tensiorf20-21]. Surfactantscan act asmoisturizers emulsifiers,

foaming agents, and dispersants.

A — BRI -

the surface ANIN

Surfactant \

molecules —_—
in bulk e

Water

Fig. 1.3 Schematic diagramf surfactanimoleculesn solvent.

When surfactantsmolecules areadsorted on the sdace they breakcohesive forces
between the water molecule$he intermolecular forces between surfactant and water
molecules are much lower than between water moleculesmselves which cause
reduction insurface tensianThe reason for thibehavioris that the surfactant molecule
contains two structurally distinct parteydrophilic head and hydrophobic tail The
hydrophilic headis polar or ionic groupthat prefer contact with water while the
hydrophobic tailwhich is a hydrocarbonsuchas fluorocabon or siloxane do not mix

well with water The opposing forces cause small parts ofgghasicles to migrate to the
air/water interface and arrange thegtvesas a singldayer (monolayer) This process is
referred to as adsorptiowhen the surfactantoacentration is highthe molecules find an
alternative way to minimize their unfavorable contact by aggregation in the bulk solution,
where the hydrophobic tails form the core of the aggregate and the hydrophilic heads are in
contact with the surroundingqueous phaséhis pocess is calleanicelle formation or

selfassociation.The latteris very important because the behavior of this combined
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structure composed of many surfactant molecules is qualitatively different from the
behavior of free, nowdliscrée moleculesThe point at which micelles are formed is called
Critical Micelle ConcentratiofCMC), shown inFig. 1.4. [22-23].

50 4
A5
A0
25 ]

1 CMC
30 /

] u__=m = o = -
25

Ty T T
0.001 0.01 [0y 1
[C]

Fig. 1.4. Shematic plot of surface tension versus surfactant concentration
(C). The arrow indicates the CMC point of the surfactant.

1.3.1 Types of Surfactants

Surfactants are classifiedaccording to the nature of the hydrophilpart, and the
compgsition of the polarity of the head grouphe clasdication consists of four types
anionic, cationic, zwitterionic anglonionic[24]. The main features of these classifications
will be given in the following sections

1.3.1.1 Anionic Surfactants

The head ofan anionic surfactant is negatively charged and this head is commonly
neutralized by an alkali metal cation. The members of this group have the highest
cleansing power, good wetting properties but moderate disinfectant propgdagswvith

the general fonda 2 #/ . A, alkyl sulphates 2 3 /. A and alkyl benzene
sulphonates 2# ( 3 /. A are some of the« AET T xekamples of this type of

surfactants. Anionisurfactants are the most widely used in industrial practices due to their



excelent cleaning properties and moderate cost and they include laundering detergent,
dishwashing liquids and shampd@s].

1.3.1.2 Cationic Surfactants

The heaehroup of cationic surfactant has positive charge. Most of these surfactants are
stable in avide rangepH. Due to poor detergency and higher cost, cationic surfactants are
not widely used in industry. Some of w&hown cationic surfactantare salts of long
chain amines2 .( 8 , quaternary ammonium salt2 . #( 8 . Common use®f
cationic surfactants are in orfoatation, textile industries, pesticides applications,

adhesion, corrosion inhibitioand preparation of cosmeti@&6].

1.3.1.3 Non-lonic Surfactants

These surfactants atbhe second most widely used surfactants in industry. They do not
have any electrical charges so they may have very little or no electrical interaction between
the head groups. Most of naonic surfactants are available as viscousiilg. They are

lower foaming and lessffacted by water hardness iofia7]. The most commonly used
norrionic surfactants are alkyl ethoxylate2 / #( #( / ( acting as excellent
emulsifier and used as greasy stain removal. The polyoxopropyleoelsgre used as
dispersing agents for pigments and paints, feamirol agents and for removing scales of
boilers. Poloxyethylene mercaptar’s 3# ( / ( . They areused in textile detergents,
metl cleaning and wetting ager{28]. Sorbitan estes asnonionic surfactantsare edible

and used as emulsifying agents in the preparation of emulsions, ice creams, beverages,
desserts, confectionary products in addition to pharmaceutical and cosro@tictp.

1.3.1.4 Zwitterion Surfactants

Are characterized by a molecular structure containvm different functional groupsyith
anionic and cationic characters respectively. The long chain amino acids
2 .( #( #/ | and phospholipids arexample of natural zwitterion substances while
botanies2. # ( #( #/ |/ orsulfobetaines2. # ( # (# (3 / areexamples

of synthetic surfactantd/ost of these surfactants are able to behave as cationic or anionic
surfacants depending on the pH of the mediuhimey are extensively used in liquid

cleansers, moisturizing body wash, shower gel, shaving products, shampoo, toothpastes,
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detergent for contact lenses. The wide utilization of these surfactants is related to their
good cleansing power, low toxicity, antibacterial properties, excellent resistance to hard
water, and excellent compatibility with various kinds of surfactants at diff€rémalues

[29].

1.3.2 Applications of Surfactants
Surface activegentsareamongthe most versatile products ofd¢tchemical industryThey
are usedn every industrial area ranging from household detergents to drilling muads an

food items to pharmaceuticals.

Surface active agents play an important role as cleaning, wetting, dispersuigifyeng,
foaming and antfoaming agents in many practical applications and prodswth as
cosmetics and personal careoqucts, food products agriculture, including: paints,
emulsions adhesives, inks, biocides (sanitizers), shampoos, toothpastéghtifig
(foams), detergentsnsecticides and drbicides textiles and ibers deinking of recycled
papersandski waxes[30-31].

1.4 Measurement of Surface and Interfacial Tension
There are several techniques to measure the surface and interfactaigeridiquids. The

main techniques will be discussed briefly in the following sections.

1.4.1 Capillary Rise Method

Capillary rise is a fundamental phenomenon existing in many natural processes and human
activities. The experimental method based on capillargeris widely used for porous
media characterization (i.e. pore radius, contact angle, free surface energy) and an

illustration of this method is given Fig. 1.5.

Fig. 1.5. Rise of water meniscus in a glass capillary



In capillary rise method a glass capillary is cleaned and immersed into a liquiditoors

In the case of water or aqueous solutions as the force of adhesion between the liquid
molecules and the capillary wall is greater than the cohesion forces between liquid
molecules, the liquid will rise up in the capillary. The height at whichlithed raised

inside the capillary is related to the surface tension by the equation:

Wheref is thesurface tension’ the density of the liquidQis highest ofliquid meniscus
in the capillary™Qis the gravity acceleratiprand —is the contact angle between liqu

meniscus and glass capilldi82-33].

If the contact angle—is very small — 1 then®é¢ i - andthusthe surface tension

can be easily ¢deulated from equationp ¢ below.

1.4.2 Du Nouly Ring Method

A sketch of the method is shown kig. 1.6. In this method a platinunidium ring is
immersed in the liquid so thé&he ring will be under the surface of the liquid. The ring will

be pulled carefully until it reaches the surface of the liquid. The force necessary to detach a
platinum iridium ring is measured and is proportional to the surface or interfacial tension

as



{ F = Force

Air

Ring made
of Pt-lr\ L = Wetted

O g | / Length

6 = contact angle Liquid

Fig.1.6. A schematic sketch @ u N rng methodusedfor measuring the
surface and interfacial tewsi of liquids

Where | is the surface tensioniis wetted lengthand —is the contact angle between

liquid surface andhe platinum ring

Du Nodiy ring method is convamt and has the advantage of obtaining a fair degree of
accuracy even with simple experimental procedlirbecomesnore complicated when a

higher degree of accuracy is sought. The essemtidhe procedure are a ring, capable of
being wetted by theduid whose surface tension is to be measured, suspended horizontally
in the flat surface of the liquid, and some device to measure the force necessary to separate
ring and liquid[34-35].

1.4.3 Wilhelmy Plate Method
Consists of plate (glass or platinum) altted to a suitable balance. The plate is immersed
in liquid, and the liquid container is gradually lowered. A sketch of the method is shown in

Fig. 1.7. The reading on the balance immediately prior to detachment is noted.

10



Fig. 1.7.A schematic sketch &ilhelmy plate methodisedfor measuring the surface
and thanterfacial tension of liquids

One major difference betweeing and plate methods is the way in which the measurement

is carried out. The ring moves through the interface whereas the plate is static at the

i nterface. Therefore, there is no “artific
the time to reeh equilibrium when using the plate method. Any time dependent effects are

true effectandhence the plate is the recommended geometry for stutigiregdependent
characteristi¢36-37].

1.5 Polyelectrolyte Complexes

Complex formation is observed when twagpogitely charged speciase mixed.
Polyelectrolyte complexes can be roughly divided into two typéls

The firsttype is a conplex formedof two differenty chargel polyelectrolytes like cationic
and anionic polyelectrolytes.

The second type is eomplexof polyelectrolyte and surfactant (anionic polyelectrolytes

and cationic surfactants or cationic polyelelsttes and anionisurfactants)

11



1.5.1 Oppositely Charged Polyelectrolytes Complex (PEC)

Polyelectrolyte complexes have unique physicochemical properties with high
biocompatibility Theseare the associatiooomplexes formedby the strong electrostatic
interaction betweenwo oppositely charged polyelectrolytedixing solutions of
polyanions and polycatiorieads tospontaneous formation of interpolymer complexed
releass of the counterions.

Complex formation can take place betwgmlyacids and polybases, aatto betveen

their neutralized metal and halogenide sf&]. The process of forming a complex is
considered as a cooperative process between electrostatic and hydrophobicTfosces
process basally involvesthree steps as shown Fig. 1.8 The first step isthe primary
complex formation and Coulomb forces are responsiiiie.second step ishe formation
process within intracomplexes. This step includes formation of new bonds and/or the
correction of the distortia of the polymer chainsThe final step isthe intercomplex
aggregation process, which involves the aggregation of secondary complexes

fundamentally through hydrophohbitteractiond39-4Q].

& O,
©) O Mixing Intracomplex

®
© reformation
o) ®

Polyanion Polycation
/ TR SN Sraaion
I\( =
Entanglement Network Large fibril

\

v

Complex aggregates

Fig.1.8. Schematic diagram of polyelectrolyte complexes formation
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A number of parameters are known to influence the formation of PECs. These are ion site,
chargedensity, polyelectrolyte concentration, pH, ionic strendyipe of solventand
temperature. Several workers evaluated the factors effecting the formation of

polyelectrolyte complexes with different polymeric bleipdiy.

The occurrence of PECs often gadsng with a phase separation, resulting either in two
liquid phases or in a precipitate. The polymeh liquid phase which may appear as
droplets is called a coacervate and dispersed in the polyafierent aqueous phase
Coacervates retain large anmvsl of water, giving rise to an extremely low interfacial
tension between the coacervate phase and the coexisting supernataftidse

1.5.2 Polyelectrolyte and Surfactant ComplexPE-Surfs)

The behavior of the polyelectrogtin the solutions dependenbn the balance between
hydrophobicand hydrophilic interactionsf the polymeric partsandthese interactions are
governed eitheeamongthem or with the solventSimilarly, surfactant aggregates in the
solution are contited by hydrophobicor ionic reactions.Thus, aqueous solutions
containing polyelectrolyte / surfactant mixtures offer a large variety of behavVibis
becomes richer when the surfactant and the polyelectrolyte bear opposite electrical charges
[45-47)].

There are two bas forces that control the stability of polyelectrolyte and surfactant

complexes:

1. Electrostatic forces
2. Hydrophobic forces.

The electrostatianteraction is due to the numerical attraction between the oppositely
charged ions and the resultant releaseoohter ions. Thus, polyelectrolyte and surfactant
complexes lead to a significant increase in entrdpne electrostatic interaction depends
largely on the density of the charge. Hydrophobic forces are caused by a large gain in
entropyby draining theunfavorable water molecules surrounding the hydrophobic areas
during the binding proce$4848,49].
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1.6 Introduction to Poly(styrene silfonates)
Polystyrene sulfonates are polymers derived from polystyrene by the addition of sulfonate
functional groupsas show inFig. 1.10. They are usetb remove ions such as potassium,

calcium, and sodium from solutions in technical or medical applications.

CHZ— CH

SO3 *Na

Fig.1.10. Structural formulaof Polystyrenesulfonategolyelectrolyte (NaPSS)

In general a hydrophobic interaction has been approved to explain a variety ofaoluti
and interfacial phenomena observed in NaPSS systémsbalance between electrostatic
(due to segmental charge density) and hydrophobic (presumably originating from the

backbone) these forces has been determinant of NaPSS bdB@ajior

Three reason for the differences of the activity of NaPSS atvé#tter air interface. The

first one isthedegree of sulfonation (DS), whichay lead to an erroneous interpretation of
the source of hydrophobicity of the molecule the case of aigh degree of molecule
sulphate (usually in the range above 80%), hydrophobicity has been attributed to the
remaining unvaccinated aromatic fragments in the mole@s#eondly, the method of
synthesis of the NaPSS molecule may be the main determinait$ sfructure and
consequently its properti¢sl].

Finally, commercial samples of NaPSS coot@mhtain ioniampuritieswith various types of
potential impurities like surface active agents or inorganic salts such ;&ON&he

presence otheseimpurities may havea strong effect on the polyelectrolyte properties such

14



as viscosity, osmotic pressure, surfaeasion and removing them from commercial

sample is essentif$0,52].

1.6.1 Purification of NaPSSSample
The removal of ionic impurities fromNaPSS polyelectrolytesolutionis not possible by
conventional solution and precipitation techniquer sucha system dialysis otion

exchange method is necessary.

1.6.1.1 Dialysis of Commercial NaPSS Sample.

Dialysis of NaPSS Sample has beearried outby Sen et al.[53], in which NaPSS
solution was taken ia sealed semipermeable membrgoellulose acetate) and placed in
distilled water The dialyzate ¢ut the membrang)vas replaced from time tiime (each
repla@ment of water is referred as cycle) witew distilled water. The conductivity and
UV absorbancef the dialyzate was measured at the end of each cyclewakisepeated
until both the conductivity and UV absorbarmfethe dialyzate were practically edua
that of distilledwater. The NaPSS solutian the membrane was finallgvaporated to
dryness in oven at 118 5LC to itswhite solid formand thesample is referretb as D
NaPS$. Theoriginal sanple is referred to as UNaPSY53].

1.6.1.2 lon Exchange Method.

lon-exchangebased purificatiortonstitutes atep for removal of possible ionimpurities
from thecommercal NaPSS sampld.he procedwewas proposed bRreddy and Marinsky
[54]. The solution of NaPS®aseluted througtthe anionic resin (Amberlite IRA 400C in
hydroxide form)column for 45 cycles. The final elutantaspassedhrough cationic resin
(Amberlite 200 in acid form, with fivdimes weight equivalent of polyions) column, also
for 4-5 cycles. Finally the resulting acid form of NaPSS wameutralizedwith NaOH
solutionquantitatively The final solution wagvaporated to dryness in ovenld0 + 3C

to its solid form All the resins were washed until they were free from acid or alkali.

Sen et almeasuredhe surface tension of UIDNaPSS and ENaPSS sample of NaP%8d
the result is showm Fig. 1.11[53]. In the same figure similar data from the literature on
NaPSS are also shown for comparispn12,55]. However asan beseen from Figl.11,

at higher polymer concentrations, theNaPSSsample displayedalmost no surface
activity, wherea theUD-NaPSS samplshowed a moderate surface activitye surface

15



tension exhibited b}p-NaPSS sample is almost similar to that fribra work ofTheodoly
et al.[12].

-
- -8 - _—
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—— UD-NaP55 —#— Theodoly
—-a- [-NaP5ss -=3-- MNoskov
-— — Asnacios —s— Yim

Fig.1.11. Surface tension of NaPSS solugoiThe underlying symbols indicat
the key to each result.

1.6.2 Application of Sodium Polystyrene Silfonate

Sodium polystyrene sulfonate (NaPSS) has been extensiwsgd & a model
polyelectrolyte systerfbl]. It also has a wide varietyf applications such as flogkation,
personal care productd?] and in drug industry One of the important applicatios
involves its use as a drug during kidney failure. The oral dose for an adult is up to 30 g /
day[53].

The adsorption osodium polystyrene sulfonate (NaPSS) polyelectrobyéo surfaces is
important in many technologieH. plays a central role in th&abilization of emulsions in
food, photographic, paint, water purification, flotatiseparationsoil recovery, and
pharmaceutical industrigg]. In this work commercially dialysed sample of NaPSS ha

been used.

16



Purpose and Methodology of the study

Unlike previous studies where the surface tension of the polyelectrolyte/surfactant
mixtures was measured as a function of surfactant concentragom the surface tension

of these mixtures will be studied as a function of the polyelectrolyte contentaamdthe
measured surface tensions will be compared to that of pure surfactant soluticthis

way the effect of the complexation process on the measured surface tension will be more
clearsince the concentration of the polyelectrolyte at whicheffect is maximum will be

easily controlledIn addition theeffect of temperature and added saltssvénever been
studied on these systems. The tempergiarameters an important one ste the surface
excess entropy can be calculated from these tgbemeasurementsThe latter is an
extremely important thermodynamic parametieat wasneglectedin previous studies.

These factors and parameteiill be carefully studiecdnd analyzeéh this study

Studies on the surface tensi@and surface propergseof the polyanion/polycation
coacervate mixtures are lackiagdalmost all of the previoustudies have concentrated on
the bulk properties of these coacervatetere the surface tensionf the Sodium
Poly(styrene sulfonate)/polyallylamine Hydrochloricleacervate at the water/air interface
will be measured both as a function of temperature and added salts of varying VEthency.
work herewill help us understand the compositions at which the complexation process is at
maximum and will lead to lteer undestanding of theeffects of this complexation process
on the surface tensions of aqueous solutidhg. temperature measurements will give us
an idea about the orderind the these complexed the surfacand whethemcreasinghe
temperature wilenhare or diminish the complexation procegsddition of salts will lead

to better understanding of tleéfects of thescreening procesm the complexation process

and whethechanging the valency of the cation has any effect whatsoever.
The fulfilment the objectives of the study will be achieved by:

1. Studythe effect of varying concentration of Sodiduly(styrene sulfonate) on the
surface tension of aqueous solutions of Poly(styrene sulfonate)

/Benzyldimethylhexadecydmmonium Chloride complexes.

2. Elucidate the behaviour of Sodium Poly(styrene sulfonate)/polyallylamine

Hydrochloride coacervate at the water/air interface.
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3. Study the effect of temperature on the complexation process ofabmwe

mentionedmixtures by studying their surface tension agrecfion of temperature.

4. Study the effect of added salts of varying cation valency on the complexation
process of these coacervates by studying their surface tension as a function of salt

molarity.

5. Calculatethe surface excess entropy (an important thegmamic parameterp

get an idea about ordering of these coacervates at the surface.
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Chapter 2

Materials and Experimental Techniques

2.1 Materials

2.1.1 Polyelectrolytes

1. The main material usewas sodium poly styrene sufounate (NaPS®hich was
obtained from Sigm&ldrich with purity 0f99.8% It is an organic compound with the
molecular formulgCgH;NaGsS), It hasan averaganolar mass of about70,000 The

anionic polyelectrolyte is a white to light yellow crystal

2. Poly(allylamine hydrochloridelPAA HCI with anaveragemolar mass of-17,500 and
was obtained from Sigmaldrich. The cationic polyelectrolyte is whitcrystal.The

structural fornula of SDBS is shown in Fig. 2.

JrCHz_CHT

HCl e
HpN

Fig.2.1. Structural formulaof Poly(allylamine hydrochloride?AA HCI).

2.1.2 Surfactant

Benzyldimethylhexadecybmmonium chlorid¢16-BAC), was obtained fronsigma
Aldrich. It is an organic compourttiathasa molar mass of w8p «gi T 1 AThe
structural formula oBenzyldimethylhexadecybmmonium chlorid€¢16-BAC) is shown

in Fig. 22.

19



CHs

CH2 - N+_ CHz(CH2)14CH3 C|

CHs

Fig.2.2. Structuralformulaof Benz/ldimethylhexadecylammonium chlorid&6-
BAC).

2.1.3 Salts
1. Sodium chloride . A #ffom SigmaAldrich with purity of w @ w Hy mass and

molarmassob @ tCI T 1 &

2. Calciumchloride # A 1 from SigmaAldrich with purity of w & w by mass and
molar mass op p@ayCi T 1 &

3. Sodium sulfite ¢r sodium sulphitef NaSOs)

4. Sodium sulfat€NaeSQOy)
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2.2 Equipment and Tools

2.2.1 Tensiometer

Surface tension was measured with @& ® £OE AA O+Qp p - + atensiometer
(KrUss, Germanylsing the plate methodhich isshown in Fig. . The tensiometer is
fully automatic, with high resolution (x 0.01 mN/m) and constant position force
measurement with overload protectidinis equipped wh high precision force sensor that
does not have to be recalibrated and with thermostat jacket for tempe@itnaled

measurements betweemp tandp o Jt#

Fig. 23. Force TensiometerK11 (Kriss-Germany)

2.2.2 Temperature Control

A refrigerated circulating water bath connected to the tensiomasrused to control
temperature. It hagnaccuracy of 1@ 3 . The temperaftre controller shown in Fig. 2.4.
was connected to the tensioneetand has the ability to provide cooling legating. An

effective system to thermostat and control temperature wegs important during this
work as surface tension is temperature dependent.
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Fig. 2.4. Refrigerated circulating water bath with temperature controller
has an accuracy of 93 8

2.2.3 Furnace

A Lab furnace manufactured by CM Furnaces and has a maximum operating temperature
up to¢ Tt teeTwas used for drying salts. The furnace showhRi 2.5. has sealed designs

that support atmosphere control necessary for advanced processes including heat treating,

sintering, annealing, glass or ceramic fiting

Fig. 2.5. A Lab furnace by CM Furnaces wittaking temperature up o1t T#1T
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2.3 Methods

2.3.1 Preparation of Tools and Measuring Procedure

All glassware (beakers, volutnie flasks, pipets, burets, funnels) were carefully cleaned
by filling them with hot distilled water for seral hours and then rinsédoroughlywith
distiled water Freshly prepared distilled water that was used to prepare solutions
throughout this wde was tested repeatedly for the values of surface tension and

conductivity to ensure its purity.

The procedure followed for all surface tension measurements was as follows: before the
onset of each measurement, the tensiometer was switched on for tveothiayet the

magnetinside the measuring chamber to the right temperature. This was recommended by
the manufacturer. The surface tension of the freshly prepared distilled water was measured

repeatedly to ensure that:
- The quality of water purity is acceptealprepare surfactant solutions.

- The tensiometer is working properly.

The accepted values of surface tension of distilled water at room temperaturethas in
rangebetweerx p x d .7 . For each reading of sade tension measurement the plate
wasflame-annealedo rednes$or several secondssing propane torch to get rid of surface
impurities according to manufacturer instructions. The temperature of the solution vessel
was brought to the desired value and kept for about half an hour to reach thermal
equilibrium. Before each measurement the beaker of the tensiometer was washed with
distilled water followed by rinsing with the solution that was uséelasurement of surface
tersion d each sample was repeated thtieges and the average value was tabulated. The
temperature of the sample was measured at the surface as it is known that bulk and surface
temperatures are not the same. This surface temperature was measured withradia ac

thermocouple that was supplied with the tensiometer.

A stock solution of NaPSS was prepared. Eleven solutions were prepared from the stock
solution by successive dilution. The latter method was used to minimize errors and proven

to be an effectig one Using serial dilution from stock soluhowas the preferred
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procedure A 7.5 g of NaPSS in 500 ndf the highest concentration was prepaaed

100ml of this stoclsolution was used for surface tensimpasurements and the otheas

diluted byaddel distilled water in the 500L volumetric flask to the mark and thoroughly
mixed. The process was repeated unitibolutionswere prepared,another100 ml was
withdrawn in 200 mL volumetric flaskvas then diluted by using distilled waterThis
proceess was repead until the other 4 solutions werereparedand the lowest desired
concentration was achievedlhe surface tension of NaP&%ne or in the presence of
added salts oppositely charge surfactant or oppositely polyelectrolys different
temperatures were determined by plotting the needed data using the powerful plotting and

fitting program/ OEQE 1
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Chapter 3

Results and Discussion

3.1 Surface Tension of Water at Different Temperatures

The surface tension of pure distilled water was suesd using the+ p p

OAT OETin theGdnerature range af X 0 o T &. The measureants were
carried outusing Wilhelmy plate (platinum)rhese measurements were performed as
preliminary training and testing th@recision of method and checking the
reproducibility and viidity of the data obtained from the tensiometer with the heating
system integrated to it. As showrO A A®,Ahe measuresdurface tension values are

in good agreement with the reported values accordingatgaftik et. Al [56]. The

linear decrease of surface tension of water with temperature is shown in Fig. 3.1. This
decrease is expected because increasing temperature means molecules are moving
faster and the intermolecular forces (hydrogen bonds in case of water) between
molecules become weaker and less effectiMee measured and reported values of
surface tension at different temperatures are very close with no significant difference
between themThis is a solid indication that the tensiometer and the heatingrayst

were functioning properly.

Table 3.1Measured and reported valuesface tension gburewaterat different
temperaturesh therange, x oo 1 &

n €) 273 283 293 | 303 | 313 323 333 | 343
i wrel HL 75.12 | 73.95 | 72.78 | 71.13| 69.61 | 67.63 | 66.18 | 64.98
TR (| 75.64 | 74.23 | 72.75 | 71.20| 69.60 | 67.94 | 66.24 | 64.47
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Fig. 3.1. Surface tension of pure water as a function of temperat
The solid line is to guide &eye

3.2 Surface Tension of Dalyzed Sodium Poly(styrene slfonate) and UN-
Dialyzed Sodium Poly(styrene alfonate) at Different Temperatures

Fig. 3.2 shows the surface tensionstafo samples of aqueous solutions of NaPSS

Thefirst type (dark squajehas white crystalline soljiand second type (open square

haslight brownpowde) as a function of NaPSS concentration &C30

72 4
_\:D- " = " = - ] - ™
70 40 -
68 ]
1 At 30C
66 7] O type lof NaPSS
64 O m  type 2 of NaPSS
G 62 4
E %] .
2 60
E .
58 o
1 ]
56 - O
4 O
54 7 - o
52
T T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

[NaPSS] (g/100ml)

Fig.3.2: Surface tensions of aqueous solutions of dialyzed NaPSS, (dark squares).
undilyzed NaPSS (open squares), both at temperaturé®f 30
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FromFig. 3.2, NaPSS typel sample shows less surface activity than the type 2 NaPSS
sample As can beseen the surface tension exhibited by our typel NaPSS sample is
almost simila to theUN- dialysis NaPSSample of53]. The surface activitpf type

2 is nearlysimilar to that of the dialysed sample &faPSSIn addition and as can be

seen inFig.3.2 the surface tensiodN-dialyzedof polyelectrolyte solutions begins to
decreas only at relatively high concentrations when the ionic strength is high enough
and the lateral repulsion of charged groups is screened to a great &ktéig.high
concentrationthe polyelectrolyte molecule is aggregated and amther addition of

the polyelectrolyteleads tdittle decrease athe surface tensioffhis concentration is
calledcritical aggregation carentration (cacyvhich Okubq [57], calledthe critical

polymer concentratioo* when the surface pressure stadasncreae.

In Figs. 3.3 and 3.4 the temperature dependence lbé surface tension of UN
dialyzedNaPSS and pure NaPSS (dialyzateshown.

m at30c
75 — A at40c
* ® at20c
-“ > at 50
* atl0
70 —- *
A
.= e
’tA o,
- L
65 > o *
— *
E 60 | > - 4 *
= A m * * *
g - L 4
55 — - - L 2
A A
> > A A -
> > 4
50
T T T T T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

[NaPSS] (g/100ml)

Fig 3.3 Surface tensions of UiNalyzed NaPSS, (solid squares), at temperature
10, 20, 3040, and 5€C.
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68 *® . o P
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T T T T T T T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
g NaPSS/100ml

Fig.3.4 Surface tensions of pure NaPSS(dialysis), (solid squatrésiperatuiseof
10, 20, 30, 40, and 80.

It is clear that the udialyzed samples indeed show surface activigy wuthe
presence of impurities

3.3 The Dialyzed Sodium Poly(styrene silfonate) with Different Salt and

Some Acid
Fig. 35 shows the surface tensions of agueous solutions of pure NaPSS, (solid
squares), andof NaPSS with added salaCl, CaCh, NaSO; and NaSO,,
respectively Also shownin the same figureés the behaviour of surface tension of
pure NaPSS with addedcids, namely,H,SO, and HCI, as a function of NaPSS

concentration at 3C.
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Fig.3.5 Surface tensions of pure NaPSS (dialyzed) and that of added selecte
and acids, as is indicated in the figusea temperature of 3D.

The salts and acids weaglded to try to change the surface inactivity of pNa®SS

butthosedid not haveanysignificant effecionthebehavior of thesurface tensian

The 0.2M NaSG;, 0.4 M NaSG; displaysa very little change in the surface tension
due to the repulsion between the same ions in the bulk of the sattaPSS

3.4 The Systemof Sodium Poly (styrene silfonate)/ Benzyldimethylhexadecyt
ammonium Chloride
Fig.3.6 shows the surface tensions of aqueous solutions of pure NaPSS, (solid
squares), and of NaPSS with added 0.001g BAC, (open squares), as a function of
NaPSS concentratiort &0F°C. It is clear that pure NaPSS displays no surface activity
due to the fact that the NaPSS is a polyion with negative charges at the segments
where charge repulsion is taking place. The charges at the polymer chain prefer to
stay in the bulk solutionvith the water molecules surrounding them and not at the

surface near the air side.
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Fig. 3.6. Surface tensions of aqueous solutions of pure NaPSS, (solid squares),
that of NaPSS + 0.001 g of the cationic surfactant BAC, (open squares), both at
temperature of 38C. The solid line is drawn to guide the eye

Upon addition of 0.001 g of the BA&urfactantthe surface tension starts decreasing
with an increase of NaPSS concentration. The coratémrof the surfactant is below

its critical micelle concentration. The surfactant head groups having a positive charge
is expected to associate with the negative charges on the sulfonate groups of the
NaPSS rele while asing counter ions. This associasidhe origin of the displayed
surface activity. The surface tension saturates at a value of 40 mMiRANNaPSS

/IBAC association process decrease the chelngege repulsion on the NaPSS and
allow its structure to become more surface active relativeabahpure NaPSS. This

in turn leads to reduction in the surface tension.

For the sake of comparison, we have made measurements as a function of BAC
concentration keeping the NaP8&&ncentration constant. Figure D&low dispays

the results of these maaements. The surface tension of pure BAC surfactant as a
function of its concentration is shown by the open squares, while open circles and
open stars represents those with added 0.5 g and 0.1 g of NaPSS, respectively. The

CMC of the BAC surfactant wasetermined to be 6.12 mmol/L. This value is very
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close to the eported value of 6.28 mmol/L b¥l-Dossoki et al [58] using
conductivity measwments. As can be seen idgure 3.7 the value of the surface
tensions of the NaPSS/BAC complex is lower thar tdfgoure BAC at the same
conditions. To make things more clear, the value of the surface tension at 0.001 g
BAC and 0.1 g NaPS@®btainedfrom Figure 3.6 is 46.6 mJ/my while that at0.001

g pure BAC 6btainedfrom Figure 3.7 is 59.24 mJ/rh This corresponds t@bout

21% decreasevhich is a significant change.

1 T T T T
59.4 - —0O— Pure BAC surfactant
1 —0—BAC + 0.5 g NaPSS | .
56.1 1 —%— BAC + 0.1 g NaPSS | _

52.8
49.5 A
46.2

42.9 -

g(mJ/m?)

39.6 +

36.3

33.0 -
. T .
0.0 0.2 0.4

[BAC] (g/100 ml)

Fig.3.7. Surface tension as a function oAB concentration, for pure BAC (open
squares), with added 0.1 g NaPSS (open stars) and 0.5 g NaPSS (operasircles)
indicated in the figure. The solid lines are drawn to guide the eye.

The value of the surface tension of 0.001 g BAC andgONaPSS extracteffom
Fig.3.7 is 46.2 mJ/rhwhich is again very close to the value extradresh Fig.3.6.
The surface tesion values when 0.5 g NaPSS is addeare higher thanthose
obtainedwhen 0.1 g NaPSS is addétis may indicate that the complexation process
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is more effective in lowering the surface tension at low NaPSS concentrations than at
higher ones. Based owur results, it seems reasonable to assume that the
complexation process occurs at the surface rather than in the bulk. The surfactant
molecules will migrate to the surface upon addition and these will attract the

polelectrolyte chains for the sake of apaneutrality.

Figure 38 shows the surface tensions of NaPSS solutions at a constant added amount
of 0.001 g of BAC at temperatures from°COto 50C.. As was mentioned before,
temperature dependent measurements are lacking in the literature and igus
important to carry out such measurements as they yield information about the surface
excess entropy {$of the system As can be seen, the surface tension decreases both
as the concentration of NaPSS and temperature increase. As more NaPSS is added,
the association probability with the cationic surfactant head groups ingrémsethe

surface activityof the NaPSS/BAC complex increases. On the other hbnpd,
comparing the change in the surface tension at different temperatures it is clear that
the surface activity is increasing with increasing temperatwiegh indicates more

association betweedhe plyelectrolyte and the surfactant.

75 T T T T T T T T T T T T T T T T T
1 —0O— at 10 °C, NaPSS + 0.001 g BAC 1
70 4 —A— at 20 °C, NaPSS + 0.001 g BAC 7
] —— at 30 °C, NaPSS + 0.001 g BAC ]
651 —O— at 40 °C, NaPSS + 0.001 g BAC |
— 60_’ —%— at 50 °C, NaPSS + 0.001 g BAC |
g ]
m 55 S e
é ]
o> 50 .
45 .
40 .
35 T T T T T T T T

L L L T T
00 02 04 06 08 10 12 14 16
[NaPSS] (g/100ml)

Fig. 38 The surface tensions of the NaPSS solutions at a fixed added amount of |
of 0.001 g at temperatures from°’00to 5FC. The solid lines are drawn to guide the
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The change in surface tension as a function of temperature at three different NaPSS
concentrations is extracted from Fig8 &nd the results angottedin Fig. 38.a. The
surface ¢nsion shows a linear decrease with increasing tempergigr&8.b is even
more informative as it shows the surface excess entropy as a fun€tidaPSS
concentration. The surface excess entropy is related to the temperature gradient of the

surface tasion by the following relation:

All terms in the equation hawaready beedefined.

T T T T T T T T T T T ]
a) O at[NaPSS] = 0.200 g/100 ml
O at[NaPSS] =0.494 g/100 ml
54 1 0 & at [NaPSS] = 1.422 g/100 ml |7
7~
N
& 48- .
~~
P
E
(@)}
42 - .
36 .

T T T T T T T T T T T
280 288 296 304 312 320
T (K)

Fig. 38.a Surface tension as a function of temperature at three differe
NaPSS concentrations. The solid lines are least square linear fits to t

From Fig. 38b the surface excess entropy of the polyelectrolyte/surfactant mixture as
a function of NaPSS concentration is calculated. Theafie shows a decrease to
about 30% of its initial value upon increasing the concentration of NaPSS
concentration from 0.20 1.4 g/100 mL. Such change in entropy gives information
about surface ordering. The decrease fthv&lues with increasing the NaPSS
corcentrations implies that the surface becomes more ordered as more NaPSS is

added. This could be explained by the fact that when more of NaPSS is added while
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keeping the concentration of the oppositely charged surfactant constant the
association process more effective and thus more of NaPSS will be present on the
surface rather than in bulkHowever and referring to Fi@.8, it is clear that at
relatively low NaPSS concentrations (less than about 0.2 g/100theljlecrease in
surface tension aues is apid signalling a more effective association process
between the surfactant and the polyelectrolye. This effective association can be
attributed to the presence of almost equal numbkcharges of the surfactant head
groups and the negative chargeshat styrene groups attached to the backbone of the
NaPSS.

0.35 T T T T T T T T T T T T T
b)
0.30 4

0.25 .

0.20 4

S° (MJI/IM**K)

0.15 .

0.10 T T T T T T T T T T T T T T
0.2 0.4 0.6 0.8 1.0 1.2 14 1.6

[NaPSS] (g/100 mi)

Fig. 38.b Surface excess entropy as a function of NaPSS concentration.
solid line is drawn to guide the eye

Fig. 3.9 shows the surface tensions of agueous solutions of a mixtiNaR$S and
0.001 g of BAC without (open squares) and with (open circles) 0.1 M of adddd NaC
solution at 38C. The surface tension behaviour is completely different in the presence
of the monovalent NaCl salt than in its absence. At low NaPSS concentration and

without the salt the surface tension starts at about 58 naldhreaches saturatiam
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about 40 mJ/Mm In the presence of NaCl salt the initial value of the surface tension is
about 40 mJ/fand it stays almost constant in the whole concentration range studied.
This indicates that the presence of NaCl enhances the association of Nalf 8% wi
oppositely charged BAC surfactant and makes it more surface active. The presence of
salt decreases the repulsion between similar charges at the polyelectrolyte backbone
and that between the surfactant head groups. At the thamthe presence ohe salt

results in a decrease of thickness of salvation layer around ionic heads of both the
surfactant and the polyelectrolyt@nd so the electrostatic repulsion between similar
ions is also reducedThis leads to a dease in hydrophilic property of dth
surfactant and polyettrolyte, and hence decreasissurface tension and increase in

surface activity of their solutions.

60 T T T T T T T T T T T T T T T T T
—{+— at 30 °C, NaPSS + 0.001 g BAC
—O— at 30 °C, NaPSS + 0.001 g BAC + 0.1 M NaCl |
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N
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Fig.3.9 Surface tensions of agqueous s$iolos of NaPSS plus 0.001 g of BAC
without (open squares) and with (open circles) added 0.1 NaCl and botfCat 30
The solid lines are drawn to guide the eye

Fig. 3.10 shows the surface tensions affjueousmixtures of NaPSS and 0.001 § o
BAC without (open squares) and with (open circles) added 0.1 M,@a@|both at
30°C. The effect of this divalent salt is slightly larger than that of the monovalent salt
NaCl. In this case, at low NaPSS concentration and without salt the surfaoa tensi
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starts at about 58 mJ?rand saturates at about 40 mi/mhereas in the presence of
CaC} the initial value is about 38 mJfnand stays almost constant in the whole
concentration range studied. This indicates that the presence of €dfahces the
as®ciation of NaPSS with the oppositely charged surfactant BAC and makes it more
surface active as in the case of NaCl. The valency of the cation seems to play a
negligible effect because the decrease in the surface tension is only 2 imJ/m
comparison tohe value of the surface tension in the case of NaCl. However, the
presence of salt itself has a significant effect of the association process and the surface

activity of the associated complex.

60 T T T T T T T T T T T T T T T T T
—{1— at 30°C, NaPSS + 0.001 g BAC
—O— at 30°C, NaPSS +0.001 g BAC + 0.1 M CaCl,
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[NaPSS] (g/100ml)

Fig. 3.10.Surface tensions of aqueous solutions of NaPSS plus 0.001 g of |
without (open squares) and with (open circles) added 0.1,®at at 3¢°C.
The solid lines are drawn to quide the eve.

Fig. 3.11 shows the surfactensions of aqueous solutions of mixturesP$S with
different amounts ofdded BAC and all at 8. Above NaPSS concentration of 0.4
g/100 ml, the surface tension is slightly influenced by increasing the BAC
concentration. However, below this concentatiof NaPSS the effect of BAC
concentration is only seen at 0.009 g/100 ml where the surface tension value at the

lowest NaPSS concentration studies is about 41 Mmhereas at lower BAC
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concentration it is about 60 mJnThe association process betweka oppositely
charged surfactant/polyelectrolyte in this case is accomplished at low concentration
where the opposite charges neutralises each other and the resultant complex exhibits
its surface activity and any addition of the BAC surfactant is disdalvehe bulk.

The latter behaviour resembles the behaviour of pure charged surfactant in pure water
in which there will be no change in surface tension accompanying the increase in the
surfactant concentration when the concentration exceeds the cnizalle

concentration of the surfactant.

—1— at 30 °C, NaPSS + 0.001 g BAC
—O— at 30 °C, NaPSS + 0.005 g BAC |,

T T T T
—/\— at 30 °C, NaPSS + 0.009 g BAC
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Fig. 3.11 Surface tensions of agueous solutions of NaPSS @04 @ (open
squares), 0.005 g (open circles) and 0.009 g (open triangles) g of BAC and all at
30°C. The solid lines are drawn gpiide the eye. The inset is the surface tension

of NaPSSsolutions at 0.009 g/100ml BAC.
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3.5 The System of Sodium Poly(Styrene Sulfonate)/Bly(Allylamine
Hydrochloride).
The surfacdension of mixtures of twoppositely charged polyelectytes system is
shown in kg.3.12. The effect of changing the concentration of NaPSS solutions
added to two different concentrations of polyallylamine hydrochloride (PAACI) is
examined. The open squares represent the values when 0.005 g of PAACI is added
while the open circles regsent those of addition of 0.01 g. It is clear that at low
concentrations of the polycation PAACI there is almost no effect on the surface
tension of the NaPSS. At these low concentratitvescharges on the PAACI are not

enough to equalize the chargestbe polyanion NaPSS.

75 . r - r . 1~ 1 r Tr T * T " 1
90 o059 0 B g 5
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Ly 5 X
E 60 4 O at30 C, NaPSS with 0.005 gm of PAACI 4
\5 O at 30 °C, NaPSS with 0.01 gm of PAACI
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Fig.3.12 Surface tension of N&35 solutions at two differegbncentrationsf
polyallylamine hydrochloride (PAACI), open squares at 0.005 g of PAACI and
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As the concentration of PAACI is increased to 0.1 g/100ml, the effect on the value of
surface tension lmemes obvious as shown in Fi§.12. This is the lowest
concentration of PAACI studied wheseach effect is found. The surface tension value
goes from that of water (72 mX¥)mat low NaPSS concentration to a value of 63
mJ/nf. This is about 14% decrease in the surface tension value and dannot
attributed to experimental errors takingairconsiceration the high accuracy of the
tensiometer. Measurements were repeated several times and the same behaviour was
observed. Thappearance of the peak in F&13 can be explained as follows: at low
concentrations of NaPSS (lower than 0.1 g/100 mL) thiacel tension is almost that

of water indicating that the association process of polyanion/polycation is not
complete and the observed effect is that of PAACI alone which in fact does not
display significant surface activity. At equal concentrations of tweo
polyelectrolytes of 0.1 g/100 ml, the surface tension decreases to about 63 mJ/m
indicating that at equal concentrations of the two polyelectrolytes the conservation
process is at maximum play. As the concentration of NaPSS is increased to 0.2 g/100
ml, signalling an association process in which the coacervate displays surface activity.
However, as the concentration of the NaPSS is increased to 0.4 g/100ml, the surface
tension goes back to vas of NaPSS solution when itatone. So below one to one
concentration of 0.1 g/100 mL the effect is that of the PAACI which does not show
much surface activity. At 0.1 g/100 mL concentratitime effect is that of the
coacervateand above 0.4 g/100 mL concentration the effect is almost that of pure
NaPSS. Clarly there is charge inversion around the one to one concentration
positive below 0.1 g/100 mL and negative at a concentration of 0.4 g/100 mL. It has
to be mentioned that this behaviour is only observed at this particular concentration

and at higher comntration values of PAACI.
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Fig.3.13 Surface tension of NaPSS solutions with added fixed amount of 0.1 g o
PAACI at a emperature of 3C. The solid line is drawn to guide the eye.

When monovalent and divalent cation saltye addedo the previous coacervate, no
change in surface tension behaviour was observed. This is probably due to the
presence of large quantities the counter ions of the polyelectrolytes. Addition of
NaCl salt means that more sodium and chloride ions will be added to the already
existing Nd (from NaPSS) and the Gfrom PAACI). The addition of the Cagsalt

also displayed no effect whatsoever
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Fig.3.14 Surface tensions of NaPSS with added 0.3850 g/100ml PAACI at thre
different temperatures as indicated in the figure. The solid lines are drawn to g

The effect of changing temperature on the surface tension of the coacervat
NaPSS/PAACI is shown in Fi@®.14. The concentration of PAACI is 0.3850 g/100ml

and measurements were carried out atC1BCFC and 56C. As can be seen,
increasing the temperature decreases the surface tension of the coaseecably in

the concentration range of 0.1 g to 1.0 g/100ml of NaPSS. The largest decrease occurs
around 0.4 g/100ml concentration where the surface tension dextsa28% as the

temperature is raised from Mto 5CC.
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Fig. 3.15. Temperature behavior of the surface tension of the coacervate
NaPSS/PAACI at two different NaPSS concentrations. The solid lines are the least
square linear fits to the experimental points

Fig. 3.15 shows the temperature behaviour of the surface tension at two different
NaPSS concentrations. From this figure the surface excess entropy is detéonb@ed

0.3 mJ/MK at NaPSS concentration of 0.4 g/100 ml and 0.22 AKl/at NaPSS
concentration of 0.62 g/100ml. This is about 25% decrease in the suxieess e
entropy which indicates aignificant decreasén entropy with increasing NaPSS
concentrationThe surface goes from a less ordered one at low concentration (0.4
g/100ml)) of NaPSS to a more ordered one at higher concentration (0.6 g/100ml).
This shows that the coacervation and the association process are influenced by
temperature changes. Since tburface becomes more ordered as NaPSS amount is
increased beyond the almost one to one concentration ([NaPSS] = 0.4 g/100 mL and
[PAACI] = 0.3850 ¢g/100 mL), then the added NaPSS molecules has enhanced the

well-established coacervation process as coateswaparts ordering at the surface
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Conclusions

Contrary to previously published work on this subject, we have studied the surface
tension of surfactant/polyelectrolyte mixtures by varying the concentration of the
polyelectrolyte while keeping the sucfant concentration constant at a value lower
than its critical micelle concentration. The surfactant/polyelectrolyte mixtures showed
increa® in surface activity as the concentration of NaPSS was increased. The surface
activity was also affected by ahging the temperaturand from the obtained data the
surface excess entropy was estimated. The decrease in surface excess entropy as
more NaPSS presented indesithat the surface became more ordered. Addition of
NaCl or CaC] salts showed significanmpact on the association process of the
surfactant with the polyelectrolyte. In the case of two polyelectrolytes coacervates, the
surface tensiorbehaviourdisplayed a peak at one to one concentration of the
polycation/polyanion but only at lowoncentration of about 0.1g/100 ml. This result
showed that the coacervation process was at its climax at relatively low
polyelectrolyte concentrations. Future work will concentrate on studying the
coacervation process in more details and will only inclotEasurements at low

concentrations of both polyelectrolytes
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