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RESUME

La fracturation hydraulique fait partie des méthodes permettant |'amélioration de la
production des gisements pétroliers. Le procédé de fracturation hydraulique consiste a
injecter un fluide visgueux dans le puits producteur. La forte pression engendrée par le
pompage du fluide provoque la fracture de la roche et sa propagation dans la roche
réservoir. Les propriétés viscoélastiques du fluide jouent un réle fondamenta; elles
permettent le maintien en suspension du sable, dont le role est de maintenir la fracture
ouverte quand la pression de pompage est arrétée. Les propriétés du fluide doivent aussi
lui permettre de limiter son infiltration dans la roche et de ne pas endommager sa
perméabilité qui conduirait a une diminution de la productivité. Enfin, la température du
réservoir ne doit pas altérer ses propriétés.

Les fluides de fracturation a base de polymeéres hydrosolubles sont aujourd’ hui les fluides
les plus utilisés du fait de leur colt modéré et de leur faible tendance a s'infiltrer dans la
roche. Cependant ils présentent le désavantage, de par leur structure, d’endommager la
perméabilité de laroche. Récemment, I’industrie pétroliére s est intéressée a des fluides a
base de tensioactif, car leurs changements de structure au contact de I’ huile empéchent
toute altération de la perméabilité. Cependant ces fluides s'infiltrent dans la roche
beaucoup plus aisément qu’ un polymeére classique, perdent leurs propriétés rhéologiques
avec latempérature et sont plus onéreux.

L’ objectif de ce travail était de développer des gels aqueux viscoélastiques a base de
polymeres hydrophobiquement modifiés et de tensioactifs afin de combiner leurs
avantages respectifs. Sous certaines conditions, les micelles de tensioactifs peuvent
interagir avec les chaines hydrophobes de polymeres et conduire a des mélanges de
viscosité élevée. Le réseau de polymeres et de tensioactifs est détruit au contact de
I"huile, pour conduire a un fluide de faible viscosité, ayant une faible aptitude a former
une émulsion, ce qui limite I’endommagement de la perméabilité de la roche. De plus,
ces fluides s'infiltrent beaucoup plus difficilement dans la roche du fait de la présence de

polymeres.



Afin de développer et d’ optimiser la formulation de tels fluides, nous devions acquérir
une meilleure compréhension, a I’ échelle moléculaire, des interactions qui s exercent
entre les chaines hydrophobes de polymeéres et les micelles de tensioactifs ainsi que de la
structure du réseau formé par ces deux composants. Nous avons pour cela étudié dans un
premier temps les propriétés rhéologiques linéaires et non linéaires de chacun des
composants du mélange en fonction de la température et de la concentration avant

d analyser les propriétés rhéol ogiques des mélanges.

PROPRIETES STRUCTURALES ET DYNAMIQUES DE L’ERUCYL BIS
(HYDROXYETHYL)METHYLAMMONIUM CHLORIDE

Nous avons étudié les propriétés structurales et dynamiques d'un tensioactif cationique
possedant une longue chane akyle (Cx»)  mono-saturée,  |’erucyl
bi s(hydroxyethyl)methylammonium chloride (EHAC). Dans des conditions appropriées
de sdlinité et de concentration, ce tensioactif sautoassemble en solution agueuse pour
former des micelles cylindriques géantes, ce qui confere ala solution une viscoél asticité
marquée. Nous avons analysé le comportement rhéologique de ces systémes en fonction
de la température et de la concentration en présence de chlorure de potassium. Nous

avons également réalisé une étude structurale par diffusion de lumiére.

L' étude de la variation de la viscosité a gradient de vitesse nul de solutions agueuses de
EHAC en fonction de la concentration nous a permis de mettre en évidence I’ existence de
deux régimes délimités par la concentration de recouvrement des micelles vermiculaires
C’ : le régime dilué ol les chaines micellaires sont isolées et a viscosité de la solution
comparable a celle de I’eau ; le régime semi-dilué ou les chaines micellaires croissent
continlment, se recouvrent et s enchevétrent. Nous observons en régime semi-dilué le
comportement rhéologique en loi de puissance de la viscosité en fonction de la
concentration prédit par les modéles théoriques. Nous avons également étudié la variation
de C" en fonction de divers paramétres tels que |’ ajout d’isopropanol, la concentration en
sdl, et latempérature.



L’ étude des propriétés viscoél astiques en régime linéaire a permis de déterminer selon
trois méthodes différentes |’ énergie de scission des micelles vermiculaires dEHAC. Pour
la premiére fois, tous les paramétres caractéristiques du spectre fréquenciel du module de
cisaillement complexe ont été utilisés pour calculer cette énergie. La valeur obtenue s est
averée élevée comparativement a d autres tensioactifs classiques, ce qui explique la forte
viscosité des solutions dEHAC du fait de la formation de trés longues micelles.
L'existence d'un terme entropique dans |'énergie libre de scission, associé au
réarrangement des contre-ions lors de la formation de bouts de chaines hémisphériques

est susceptible de rendre compte de lavaleur de I’ énergie libre calcul ée.

Nous avons réalisé une étude par diffusion statique de la lumiere de solutions dEHAC.
Nous avons retrouvé qualitativement pour le rayon de giration et l'intensité diffusée les
variations avec la concentration caractéristiques des régimes dilué et semi-dilué
Cependant, dans le régime dilué au voisinage de C', des déviations sont observées par
rapport aux modéles théoriques avec en particulier la présence de larges agrégats de taille
>100nm. Ce résultat a éé confirmé par des expériences de diffusion dynamique de la

lumiére.

COMPARAISON DES PROPRIETES RHEOLOGIQUES DE POLYMERES
MODIFIES HYDROPHOBIQUEMENT ET DE LEURS ANALOGUES NON
MODIFIES.

Nous avons anaysé le comportement rhéologique de solutions de polymeéres associatifs
ayant un précurseur d’origine naturelle, I’hydroxypropyle guar hydrophobisé par une
chaine alkyle C, (hm-HPG), et |e chitosane hydrophobisé par une chaine alkyle Cyo (hm-
chitosane), en présence de chlorure de potassium, dans un domaine de concentrations
alant de 0.001 a 3% en poids selon les échantillons. Nous avons éudié I’ influence de
différents paramétres tels que la concentration en polymere, la teneur en groupes

hydrophobes et |a température, sur |es propriétés rhéol ogiques de ces solutions.

Les courbes d’ écoulement ont montré la présence d’'un plateau newtonien dans le régime

de bas cisallement et un caractere rhéofluidifiant plus ou moins marqué selon la



concentration de la solution de polymére au-dela d’ une valeur critique de la vitesse de
cisaillement. Nous avons analysé la variation de cette valeur critique en fonction de la
concentration en polymere, de la teneur en groupes hydrophobes et de la température.
L’inverse de cette valeur correspondant au temps de relaxation terminal, de nombreuses
conclusions ont pu étre apportées concernant la dynamique des différents systeémes. La
comparaison entre les comportements viscosimétriques des polyméres modifiés
hydrophobiquement et de ceux de leurs homologues linéaires révele une diminution du
nombre et/ou du temps de vie des associations intermol écul aires lorsgue I'on augmente la

température.

Les courbes représentatives de la variation de la viscosité en fonction de la contrainte de
cisaillement ont permis d'identifier la contrainte & laquelle on observe la rupture des
associations des chaines hydrophobes ainsi que le temps de vie des associations. Nous

avons étudié leurs variations en fonction de la température et de la concentration.

La variation de la viscosité du chitosane a gradient de vitesse nul en fonction de la
concentration a montré un comportement différent de celui observé avec
I" hydroxypropyle guar. La valeur anormalement haute de |’exposant reliant ces deux
variables est due a la présence d'interactions intermoléculaires spécifiques entre les

chaines de polymeéres.

SYNERGIE ENTRE POLYMERES MODIFIES HYDROPHOBIQUEMENT ET
TENSIOACTIFS

Nous avons éudié le comportement rhéologique de mélanges de hm-HPG ou de hm-

chitosane et d EHAC, a différentes compositions et températures.

L’addition du tensioactif a la solution de polymére ou inversement, entraine une
augmentation importante de la viscosité. Cet effet s’ observe dés que les concentrations du
polymére associatif et du tensioactif avoisinent leurs C™ respectifs, ce qui révéle une trés
grande synergie entre ces deux composants. Ce résultat s observe dans tout le domaine de

gradients étudiés (<100s™) et pour des températures comprises entre 20°C et 80°C. La



synergie diminue, e peut méme disparditre, aux concentrations et aux températures

élevées.

Apreés avoir délimité le domaine de concentrations donnant lieu a une synergie optimale
entre les deux composants, nous avons réalisé une éude compléte a une concentration
globale du mélange se situant dans ce domaine. Nous avons étudié les propriétés
viscodlastiqgues en régime linéaire du mélange pour différents rapports
polymeére/tensioactif. Dans le domaine des basses fréguences, le comportement des
modules de conservation et de perte suit le modéle de Maxwell. Dans |le domaine des
hautes fréguences, on observe une déviation par rapport a ce modéle avec un minimum
de la valeur du module de perte a une fréguence mm,. Nous avons étudié les variations du
temps de relaxation termina (défini par I'inverse de la fréquence a laquelle les modules
de conservation et de perte se croisent), du module plateau et de la viscosité a gradient
nul, en fonction de la composition du mélange. Le temps de relaxation terminal ainsi que
le plateau modul e présentent un maximum pour une certaine composition du mélange qui
est celle pour laquelle on observe également un minimum de la fréguence ®n,. Ces
résultats permettent de déterminer les domaines de concentration et de composition pour

lesquelsil existe une forte synergie entre le polymeére associatif et le tensioactif.

L’ étude des propriétés rhéologiques en régime linéaire et non linéaire de mélanges de
hm-HPG ou de hm-chitosane et d EHAC, a permis de démontrer que la forte synergie
observée pour une certaine composition du mélange provenait d une augmentation du

temps de vie des interactions entre les chaines de polyméres et de tensioactifs.

Les courbes d écoulement obtenues pour la plupart des mélanges ont montré un
comportement complexe suggérant des réarrangements successifs du réseau mixte

transitoire de polymeres associatifs et de micelles.

L' étude comparée des propriétés rhéologiques des deux systemes, EHAC/hm-HPG et
EHAC/hm-chitosane, a permis de généraliser les effets de synergie qui existent dans les
mélanges de polymeres hydrophobiguement modifiés et de micelles géantes. L’ effet de
synergie observé entre I’ EHAC et le hm-chitosane, dont le poids moléculaire est inférieur

a celui du hm-HPG, est plus important que celui obtenu avec le hm-HPG. Cependant,



pour la méme viscosité, la concentration totale du mélange a base de hm-chitosane est
supérieure a celle a base de hm-HPG. Ces résultats sont importants du point de vue des
applications. Ils montrent qu’il est nécessaire de trouver le meilleur choix entre un
polymere de haut poids moléculaire qui atere la perméabilité de la roche, et un polymere
de poids moléculaire inférieur, moins endommageant, mais nécessitant des

concentrations plus importantes pour obtenir la méme viscosité et donc plus onéreux.

De nombreuses questions subsistent sur les propriétés fondamentales des méanges de
polymeéres hydrophobiquement modifiés et de micelles géantes. Le schéma propose
permettant d’ expliquer le comportement rhéologique de ces mélanges demeure qualitatif
et un modé e quantitatif décrivant leur écoulement fait encore défaut. Des méthodes de
visualisation telles que la diffusion des neutrons et la microscopie éectronique a
transmission (cryoTEM) pourraient apporter des informations complémentaires sur la

structure de ces mélanges.

Ce travail représente un point de départ pour |’ étude des comportements de mélanges a
base de polymeres associatifs et de micelles géantes. L’influence de nombreux
paramétres reste encore a explorer afin d approfondir la compréhension du mécanisme
des interactions. En particulier, lalongueur, la distribution et 1a concentration des chaines
hydrophobes doivent jouer un réle important. Du point de vue des applications, les
mélanges de polymeéres hydrophobiquement modifiés et de micelles géantes ont montré
des avantages certains, comparativement aux systémes a base uniquement de polymeéres
ou de tensioactifs et de nombreuses options restent ouvertes afin d optimiser les

propriétés de ces fluides complexes.
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GENERAL INTRODUCTION



The hydraulic fracturing of subterranean formations is a method used to increase oil
recovery of low permeability natural hydrocarbons reservoirs by providing flow channels
through the formation. These flow channels facilitate movement of the hydrocarbons to
the wellbore so that the hydrocarbons may be pumped from the well. In such operations,
afracturing fluid isinjected at very high rate into a wellbore penetrating the subterranean
formation that is forced to crack and fracture. A proppant (sand or similar component)
carried by the viscous fracturing fluid, is placed in the fracture to prevent its complete
closure when the flow is reversed and maintain improved flow for the oil into the
wellbore. So the fracturing fluid should have the ability to keep proppant in suspension
during its tortuous path down the well, out through the perforations and to the end, or tip,
of the fracture. This ability mainly depends on its viscosity. It should also be able to
degrade after the fracture closes so as not to leave residual material in the formation or
the proppant-filled fracture that will damage its permeability. Thisis referred as the fluid
“clean-up” property. Finaly, it should have the ability not to enter too easily the pore
throats of the formation and so to have alimited “leak-off” or filtration rate.

Fracturing fluids have evolved significantly since the first fracture stimulation was
performed in 1947, Early stimulation treatments used surplus napalm added to gasoline
to create a viscous fluid capable of initiating and propageting a fracture. Later on,
engineers began pumping guar and guar derivatives based fluids. As fracturing grew in
popularity, wells were being drilled deeper and hotter formations were encountered. So
there was an increasing need for fluid viscosities greater than those offered by linear
(non-crosslinked) gels. To attain sufficient viscosity and increased thermal stability in
higher temperature reservoirs, linear gels were crosslinked with borate, zirconate or
titanate ions. In the 1980s, foamed fracturing fluids grew more popular as engineers
became more aware of the permeability damage caused by polymeric fluids. The use of
foams decreased the amount of guar introduced into the fracture, thereby reducing the
amount of residue and, hence, the extent of damage. In a foam fluid, the gas phase
typically occupies more than half of the total fluid volume, so less liquid, and hence less
guar, is pumped into the well. Foams also enhance clean-up after a fracturing treatment.

The liquid volume is lower, and the entrained gas offers significantly more energy to



evacuate the fracturing fluid from the well. The quest for cleaner fluids continued into the

1990s, when advanced chemical breakers and lower polymer concentration became

effective tools for reducing and limiting damage from guar.

The next evolution was the development of a “polymer-free” aqueous fracturing fluid.

This fluid is different from guar or hydroxyethyl cellulose fluid systems; rather, it

belongs to a new class of fracturing fluids, viscoelastic fluids based on surfactant,

generally called “viscoelastic surfactant systems’ (VES). The principal advantages of the

VES approach are:

1. Simpler operation and field preparation: there is no need for polymer prehydration,
no need for crosslinkers or breakers.

2. Improved fracture clean-up relative to the polymer-based systems. This is facilitated
by the responsive nature of the VES-based fluids in that their worm-like micellar
structure is broken on contact/mixing with produced hydrocarbon fluids, resultingin a
low viscosity fluid and by the absence of any high molecular weight polymer which
for polymeric-based fluidsis retained and concentrated in the formation.

However, the current VES-based fracturing fluids have severa limitations:

1. The cost of VES fluids is generally higher than the conventional polymer-based
fluids. This is due both to the independent unit cost and the higher concentration of
the components. The cost differential becomes considerable as the required VES
dosage increases with temperature.

2. Unfavorable interactions with certain produced hydrocarbons. Compatibility issues
with certain crude oil compositions lead to the formation of stable emulsions which
may hinder clean up, particularly in the invaded matrix zone.

3. Hedth and safety (HSE) concerns: there is limited HSE acceptance of certain VES
fluidsin offshore ailfields, e.g. the North Sea.

4. The higher leak-off rate observed for VES systems (relative to polymeric fluids)

restricts applications to reservoirs with low range permeability (<10mD).

An aternative approach has been to consider a fracturing fluid based on a blend of
hydrophobically modified polymer (hm-polymer) and viscodastic surfactant (VES),

since this fluid is also responsive to hydrocarbons?. The responsivity of the fluid is due to



the hydrophobic interactions that are created between the hm-polymer and the VES,
which can be broken by contact with oil. The fluid can reach appropriate rheology for
fracture generation/propagation and proppant transport using a lower concentration of
VES and polymer compared, respectively, to the pure VES-based fluid and the pure
polymeric fluid. The polymer/surfactant network is broken by contact with hydrocarbon
and the resultant mixture has a low tendency to form an emulsion. This explains the
enhanced fluid clean-up from the invaded matrix zones. Moreover, the hm-polymer/VES
blends should have a reduced leak-off rate as compared to pure VES fluids due to the

presence of the polymer.

In order to develop and optimize such fluids, it is necessary to develop an in-depth
understanding, at the molecular level, of the interactions between the hydrophobic groups
on the polymer and the surfactant micelles, and of the blend structure in terms of the
arrangement of the hm-polymer and V ES networks. This understanding was the key point
of this study and was achieved by first looking at the structural and dynamic properties of
the individual components of the mixture before moving on to study the mixture

properties.

Many studies on the interactions between surfactants and hydrophobically modified
polymer have been reported®®. They generally concern systems in which the surfactant
concentration is close to the critical micellar concentration (CMC). Under these
conditions, one observes an enhancement of the zero-shear viscosity due either to the
formation of additional mixed plurifunctional aggregates or to an increase in the lifetime
of the pre-existing crosslinks resulting from surfactant binding’™’. The first reported
study on the rheological properties of mixtures of wormlike micelles and hydrophobically
modified polymers focused on mixtures of cetyl trimethylammonium bromide (CTAB)
and hm-hydroxyethylcellulose (with C;, and Cis hydrophobic substitution) or hm-
polyacrylamide (with Ci» hydrophobic substitution) in the presence of KBr. Very
recently, two others studies were published on the interaction between hm-polymers and
VES or vesicles',



Water-soluble hydrophobically modified polysaccharide derivatives are commonly used
as thickening and rheology-control agents in agueous systems™®?. The specific
rheological behaviour of such polymeric systems arises from their ability to give rise to
weak intra- and inter-molecular interactions between the hydrophobic groups distributed
along the polymer chains. In the semi-dilute entangled regime, which is the domain of
interest for most industrial applications, the hydrophobic moieties build up a transitory
tridimensional network interpenetrated with the entanglement network. Aqueous
solutions of guar and its derivatives are the most widely used hydraulic fracturing fluids
for hydrocarbon recovery from subterranean formations, mainly for economical

reasons’?4%°

, and so was the polymer chosen for our study.

Under appropriate conditions (salinity, temperature, concentration, presence of
counterions), surfactants molecules can self-assemble into long, flexible cylindrica
structures, referred to as wormlike micelles. If the scission energy of a micelle (the
energy required to create two end-caps from a semi-infinite cylinder) is large enough,
then the semi-flexible linear micelles may become very long (several microns) and,
similar to polymers, can form entangled networks in semi-dilute solutions, giving rise to
highly viscoelastic fluids. Cationic surfactants with long mono-unsaturated tails (Cyx)
have been shown to be efficient fracturing fluids®. In particular, agueous solutions of
erucyl bis (hydroxyethyl) methyl ammonium chloride (EHAC) exhibit appropriate
viscosities up to high temperatures (80°C)??°. Consequently, this was the surfactant

chosen for the study.

The analogy between wormlike micelles and polymers is a subject of debate; many
similaritiesin the rheology and dynamics of the systems have been noted and are reported
in the first chapter, which gives a general summary of the underlying chemistry and
physics.

In the second chapter, we investigated the structural and dynamic properties of micellar
solutions of the erucyl bis-(hydroxyethyl)methylammonium chloride (EHAC) surfactant
mentioned above, blended with 2-propanoal, in the presence of KCl, using light scattering

and rheological experimental techniques. The results, that are reported in a published



paper’®, bring new information on the micellar growth induced by an increase of
surfactant concentration and on the viscoelastic behaviour of wormlike micellar systems.
The enthalpic part of the scission energy, in the semi-dilute regime, was determined

through rheological measurements using three independent methods.

In the third chapter, we investigated the linear and non-linear rheological properties of
agueous solutions containing both the EHAC surfactant studied in the previous chapter,
and the hydrophobically modified hydroxypropyl guar (hm-HPG). Results have been
reported in a published paper®. The first part of the chapter presents a comparison of the
flow behaviour of hydroxypropyl guar (HPG) and its hydrophobically modified analogue
(hm-HPG) in the presence of salt and at various temperatures. These conditions are of
primary importance in oil recovery processes. In the second part of the paper, a study is
reported of the synergistic effects occurring in the viscoelastic behaviour of mixtures of
aqueous solutions of EHAC surfactant and hm-HPG polymer in a concentration domain
from 0.01wt% to 2.5wt% in the presence of 0.4M KCI and over atemperature range from
25°C to 80°C. Possible structures and models consistent with the reported results are also

considered.

Finaly, in the last chapter, we have generalised the synergistic effects observed between
hm-HPG and EHAC surfactant by studying the linear and non-linear rheologica
properties of agueous solutions of another hm-polymer, hydrophobically modified
chitosan (hm-chitosan), and EHAC surfactant. A hm-chitosan with a lower molecular
weight than the hm-HPG was chosen on purpose in order to study the effect of polymer
molecular weight on the synergistic effects. This is an important issue from an
applications point of view as it is thought that a low molecular weight polymer is

required to limit the formation damage.

The thesis ends with a summary of the main conclusions and recommendations for
further study.
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Chapter |

POLYMER-LIKE SOLUTIONS
“CONVENTIONAL” POLYMERS
ASSOCIATING POLYMERS
WORMLIKE MICELLES
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In this chapter, we will discuss the structural and dynamical properties of the three kinds
of polymer-like molecules that have been investigated in the framework of the present
study, that is “conventional” polymers, associating polymers and wormlike micelles. By
“conventional”, we mean polymers obtained by covalent bonding of monomers. From the
structural point of view, the three systems are characterized by the same parameters; the
radius of gyration in the dilute regime, the correlation length in the semi-dilute regime
and the crossover concentration between these two regimes. On the other hand, the

dynamical properties are very specific of the type of polymer-like system investigated.

|. SINGLE CHAIN CONFORMATION

[.1. “Conventional” polymers

The polymeric chain consists of N monomers with size a. The statistical properties of the

chain are described by means of wormlike chain models consisting of N statistical units
with length equal to the persistence length |,. The latter is the contour length over which

the chain can be considered asrigid.

N

Figure 1: Schematic representation of the wormlike polymeric model based on N
statistical units with length equal to the persistence length |,
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For most synthetic polymers, the statistical unit corresponds to a few monomeric units.
The overall chain length L is given by*:

L=Na=NI, (1)

The dimensions of macromolecules in organic solvents depend crucially on the sign and
magnitude of the interactions between the chain segments and the molecules of the
surrounding liquid. In "good" solvents, the intra-chain repulsion or excluded volume
between the segments tends to increase the polymer dimensions (e.g. the radius of
gyration, Rg), as does the solvent-solute interaction. In less favourabl e sol vents, however,
the solvent-solute and solute-solute interactions have opposite signs, and when they are
precisely balanced, the chain dimensions are independent of both segment-segment and
solvent-solute interactions. This phenomenon occurs at a particular temperature (6),
where Rg adopts the dimensions of a volume-less non-interacting (i.e. "unperturbed")
polymer coil. In the poor solvent regime, T<<6, the attractive and repul sive forces are no
longer balanced, and Rg is dramatically reduced, as the polymer chain "collapses®. This
phenomenon is well understood and documented experimentally for dilute solutions
where the macromolecules are widdly separated and inter-chain effects can be neglected.

In this study we will only consider flexible chains in good solvent. Under these

conditions, the radius of gyration, according to Flory’s model, is given by*:

RG :|p2/5V01/5N‘3/5 (2)
or
RG :|p —l/5a3/5vol/5N3/5 (3)

where V; is the excluded volume parameter given by

V,=al, (12— y) 4
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y isFory'sinteraction parameter .
The radius of gyration exhibits modest temperature and concentration dependences

through mainly the interaction parameter but also possibly through the persistence length.

Water-soluble polymers are commonly used for their ability to increase the viscosity of a
liquid, in which they are dissolved, even at low concentrations. The ability of a polymer
to influence fluid rheology arises from the greater volume of a macromolecule in solution
compared to the total volume of the molecular dimensions of the repeating units. The
solution volume swept out by the polymer coail is known as the hydrodynamic volume,
which is determined by polymer structural parameters (e.g., chain length and chan
stiffness) and polymer-solvent interactions, as well as polymer associations or repulsions.
The hydrodynamic volume aso has temperature, concentration, molecular weight, and

deformation-rate dependence.

[.2. Associating polymers

Associating polymers are hydrophilic long-chain molecules containing a small amount of
hydrophobic groups. In aqueous solution they have a tendency to associate through
hydrophobic interactions and build above a certain polymer concentration a temporary
network that induces a strong increase in viscosity. Due to intra-chain and inter-chain

associations, the solutions of associating polymers exhibit unique rheological properties.

Asfor conventiona polymers, a persistence length I, and a number of persistence lengths
per chain can be defined. In addition, the nature and the spacing of the stickers along the
chain play an important role, due to self-association. As a consequence, the radius of
gyration of associating polymersin dilute solution cannot be expressed by the Egs.(2) and
(3) derived for conventional polymers. It was found to be smaller than that of the

anal ogue polymer without the hydrophobic groups, due to intramolecul ar association.

" amodel based on the renormalized group theory? gives for the exponent of the power law of Rs as a
function of N a value of 0.5888. In the following of the study, we will take the value 3/5, which will also
impose the values of the theoretical exponents in the different scaling behaviours encountered.
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Figure 2: Illustration of the self-association for a multisticker associating polymer chain.

|.2.a. Classification of associating polymers

Associating polymers can be classified according to different criteria such as their origin
(synthetic or natural), their chemical structure, their synthetic route....

I.2.a.1. Classification according to thelocalization of the hydrophobic groups

The associating polymers can be classified into two classes: (a) telechelic polymers, to
which long akyl chains (C12-Cyg) are incorporated as terminal groups, (b) multisticker
polymers, in which the hydrophobic groups are randomly distributed (as single units or
small blocks) along the water-soluble backbone.

Telechelic polymers have low molecular weights (<100,000) and are mostly derivatives
of polyethylene oxide (PEO) with two akyl chains at the end. This structure is rarely
observed with other hydrophilic polymers such as polyacrylamide®.

Multisticker polymers have generally much higher molecular weights (500,000 —
2,000,000). Typica examples are derivatives of natural polymers or polyacrylamide. The
grafted hydrophobic groups are not necessary some long akyl chains but can also be a

group of small hydrophobic units (~2-10 units)*®.
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I.2.a.2. Classification according to the chemical nature of the polymer backbone
One can distinguish four sub-categories in this classification:

Polyethylene oxide derivatives (PEO)" %

They are also called hydrophobicaly ethoxylated urethane (HEUR) when there is a
urethane junction between the polymer backbone and the hydrophobic chain, which isthe
case with mainly all the commercially available PEO. These polymers are mostly

telechelic polymers.
Natural polymers

Most of the associating natural polymers are derivatives of cellulose,

hydroxyethyl cellulose?*°, hydroxypropylcellulose®*, ethyl (hydroxyethyl)cellulose®**’,

39-45 46,47 48-54
es

carboxymethylcellulose®, guar®®*®, pullulan , chitosan™®>*, pectine™,...

In our study, we only considered derivatives of natural polymers.
Polyacrylamide derivatives

They are mostly based on the acrylamide monomer %% put also on other water soluble

0,71

monomers such as N,N-dimethylacrylamide’ " or N-isopropylacrylamide”. They have

a high molecular weight (1,000,000 — 3,000,000).
Associating polyelectrolytes

They are mostly based on carboxylic monomers such as the HASE (Hydrophobically
Alkali Soluble or Swellable Emulsion) and are soluble in basic solution. They have found
quite alot of industrial applications™"".

Their behaviour is more complex than that of the equivaent non-charged polymer due to

the competition between the attractive hydrophobic interactions and the repulsive
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electrostatic interactions. The predominance of one effect onto the other will depend on
molecular characteristics of the polymer, pH, salt presence, and will lead to different

rheological properties.

|.2.a.3. Classification according to the synthetic route

There are two processes to synthesise associating polymers: either by modification of a

preexisting polymer or by copolymerization of hydrophobic and hydrophilic monomers.
Chemical modification of pre-existing polymers

This process consists in the modification of a polymer by its chemical reaction with a
hydrophobic group. By this method, it is possible to obtain series of associating polymers
having for example, same molecular weight but different degrees of substitution of the
hydrophobic group, or different types of hydrophobic groups. The distribution of the
hydrophobic groups aong the polymer backbone is usualy random.

The chemical reaction can be processed in heterogeneous or homogeneous medium, the
second one leading to a more homogeneous composition.

To obtain derivatives of polysaccharides or PEO, the hydrophobic groups are introduced
by formation of ether, ester or urethane bonds from the hydroxyl, carboxylate or ester
functions of the polymer®®“©’® The chemical modification is the only way to obtain
amphiphilic compounds from a water-soluble natural polymer. During the synthetic
process, some parallel reactions may occur that can lead to the breaking of the chemical
backbone and so to a decrease of the polymer molecular weight***. Conversely, some
coupling reactions that lead to an increase of the molecular weight can be observed with
the HEUR".

Derivatives of polyacrylic acid are obtained by chemical reaction with aliphatic amines.
Recently hydrophobic groups have been introduced on polyacrylamides through N-
alkylation®®!,

The modification of polyacrylamide can be a simple hydrolysis of the polymer in order to

increase its hydrophilic character®#.
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Copolymerisation

There are different copolymerization processes. solution copolymerization, emulsion

copolymerization and micellar copol ymerization.

- copolymerisation in solution™ ">

The difficulty in this synthesis process is to find a solvent that can solubilise both the
hydrophilic and the hydrophobic monomers. Mixtures of solvents can sometimes be used.
Thisleadsto statistical polymers.

- emulsion copolymerisation

Direct emulsion polymerisation is the classical route to synthesise the HASE polymers
(see 1.2.a.2) but reverse emulsion and microemulsion polymerisation can also be used to

synthesi se associating polymers®2®,

- micellar copolymerisation

This is the most efficient process for the copolymerisation of hydrophobic and

S84—87 and Exxon66,88—93

hydrophilic monomers. It was first initiated by Dow Chemical
before being extensively studied at the Institut Charles Sadron®>°¢-2861-6394-97.129.130 iy the
team of McCormick ©6+98100103.104110113 anq i other |aboratories'™ %, In this process,
the hydrophobe is solubilised within surfactant micelles (sodium dodecylsulfate) whereas
the water-soluble monomer is dissolved in the agueous continuous medium. Due to their
high density in the micelles, the hydrophobic monomers are randomly distributed as

small blocks in the hydrophilic backbone.

[.2.b. Characterisation of associating polymers

In order to compare the behaviour of associating polymers with their non-associating
analogues, it is important to be able to characterize properly the polymers in terms of

mol ecular weight, concentration of hydrophobic groups and monomer distribution.
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[.2.b.1. Molecular weight

The determination of the molecular weight of copolymers is not as ssimple as that of
homopolymers. Moreover, in the case of water-soluble polymers, this determination can
be difficult and sometimes impossible due to some specific characteristics such as
polarity and hydrogen bonding, that are responsible for aggregation and adsorption
phenomena. The problem is even more difficult with amphiphilic copolymers due to the
difference in solubility of the hydrophobic and hydrophilic parts. Besides water, only a
limited number of solvents are able to solubilise the polymer at the molecular level
without the formation of aggregates. Even when the polymer is fully soluble, the
determination of the molecular weight can be atered by the presence of intramolecular
interactions between the polymer chains that might change their conformation. This
explains why many studies do not quote values of molecular weights or give inaccurate
data

It is often considered that the molecular weight of associating polymers is equivalent to

that of the non-associating homologue®*®.

Molecular weights can be obtained from the determination of the intrinsic viscosity of the
agueous polymer solution using the Mark-Houwink-Sakurada viscosity’s law established
for non-modified and modified polymers®®"1®1041%  This method does not provide
accurate values. The behaviour of the modified polymer in solution is different from that
of the non-modified analogue. Its hydrodynamic volumeis reduced due to the presence of

2224.2958,1L106107 - g 3 result, the molecular weight that is

hydrophobic interactions®
obtained by measurement of the intrinsic viscosity might be lower than the real value.
Conversely, the presence of aggregates in dilute solution might alter the measurement
and lead to a higher molecular weight value than the one expected*©®+1%.

Neverthel ess, the viscosimetric method for the determination of molecular wei ghts can be
applied when a solvent capable of breaking the hydrophobic interactions is used®*®.

For the same reasons, the determination of molecular weights by light scattering
techniques provides accurate results only when using a solvent, in which the copolymer is

dispersed at the molecular level. Some authors have also used static and dynamic light
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scattering in the presence of an additive such as a cosolvent'™®, a sat'™ or a
surf act aI,.]t60,112,113-

As discussed above, the determination of the molecular weight of water-soluble
associating polymers is not an easy task but it is even more difficult to determine its
molecular weight polydispersity. Most of these polymers are only water soluble (except
for the PEO that is also soluble in THF), and so, aggregation and adsorption phenomena
on the columns occurring in agueous media prevent the use of the classical size exclusion

38,46,71,114

chromatography  (SEC) technique Mixture of solvents such as
water/acetonitrile/nitrate or lithium or sodium acetate, can be used in order to prevent the
aggregation phenomena. But most of the time, the SEC technique cannot be used and so
it is assumed that the molecular weight distribution is equivalent to that of the non-
modified homologue for associating polymers obtained by chemical modification of a

precursor, with the hypothesis that no degradation occurs during the synthesis process.

[.2.b.2. Molar composition

The determination of the exact content of substituted hydrophobic chainsis quite difficult
due to their very low concentration (usually afew %mol), which is close to the sensitivity
limit of techniques such as elementary analysis or NMR. The determination of the molar
composition by elementary analysis is easier when the hydrophobic comonomer contains

114-116

a specific element such as nitrogen, fluor or silicium , Which is not present in the

hydrophilic monomer. The molar composition can also be determined precisely when the
hydrophobic group contains a UV absorbent unit*6°9-616369100.104112.113 1t N\MR| which
gives less accurate results than the UV spectroscopy technique, can be used when the
percentage of hydrophobic units is above 2%mol or in the case where the hydrophobic

unit contains alarge number of characteristic protons™>.
[.3. Wormlike micelles

Surfactants are amphiphilic molecules composed of two entities: a long hydrophobic tail

that has a high affinity with oil or any apolar medium, and a hydrophilic head that has a
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high affinity with water or any polar medium. In aqueous solution, such molecules
assemble reversibly into a variety of spatialy organized structures, whose common
feature is the tendency for the hydrophobic tailsto avoid any contact with water.

The shape of surfactant aggregates is determined by the packing parameter, P=V/AsLu,
where V is the volume of the surfactant hydrophobic part, A, is the surface area occupied
by the surfactant headgroup, and Ly is the extended length of the hydrophobic part**'.

For P<1/3, spherical micelles are formed, for 1/3<P<1/2 cylindrical micelles are formed,

and for 1/2<P<1, vesicles or bilayers are formed (Fig.3).

=T ©)

Spheres . Vesicles or bilayers
P<1/3 Cylinders

P=1/2

Figure 3: Aggregate structures formed by surfactants molecules.

In the case of charged surfactants, the area per polar head depends strongly on the nature
of the counter ions and more specifically on their ability to bind to the surfactant
molecules. An easy way to induce a morphological variation, for example, spherical
micelles to cylindrical micelles, is to decrease the effective head-group area by adding
salt, which screens the electrostatic repulsions between the headgroups and alows them
to come closer. So, under appropriate conditions of concentration, salinity, temperature,
presence of counter ion, etc., small agueous spherical micelles can undergo uniaxia
growth and become worm-like. If the energy required to break a wormlike micelle into

smaller parts (scission energy) is large enough, the length of the rods can become longer
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than their persistence length and they are then similar to semi-flexible linear polymer
chains. In particular, these flexible wormlike micelles can become entangled, even at
fairly low concentration.

The length of wormlike micelles has been shown to increase upon increasing the
surfactant concentration and decreasing the temperature™'®,

The wormlike micelles show a strong analogy with conventional polymer chains, the

only differences being athicker section (~2nm) and alonger persistence length (~20nm).

]

Figure 4: Persistence length |, of a wormlike micelle of contour length L.

The radius of gyration in the limit L>>l, is given by the same expression as for
conventional polymers

RG = ; 2/5\/01/5 NSIS (6)
or in terms of the micellar contour length L = NI o

RG — | p—1/5V01/5 L3/5 (7)
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Unlike conventional polymers, the radius of gyration exhibits important temperature and
concentration dependences through the contour length.

II. CROSSOVER BETWEEN DILUTE AND SEMI-DILUTE
REGIMES

The properties of polymer-like solutions exhibit a drastic change at the overlap volume
fraction ¢ defining the crossover between the dilute regime where the molecules are far
apart from each other and the semi-dilute regime corresponding to solutions with
overlapped chains. Figure 5 gives a schematic representation of the evolution of the
system upon increasing the polymer concentration.

Figure 5: Schematic representation of the state of a polymer solution with increasing
polymer volume fraction.

The expression of ¢ is obtained by stating that the volume fraction of the solution is that

of asingle chain given by the ratio of the volume of the polymer chain over the actua
volume occupied by this chain
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¢ =SI,N/R’ ®
where S is the section of the polymer chain.

The overlap volume fraction ¢* of a polymeric chain can be determined by means of
different techniques including static and dynamic light scattering****?, T-Jump (for

123

wormlike micelles)'® and rheological measurements'?**?®. Among these techniques, the

rheology is particularly well adapted. In the dilute regime, the zero-shear viscosity is very
low, of the order of that of the solvent. In the semi-dilute regime beyond the overlap
volume fraction ¢, the systems form an entangled mass of chains and the zero-shear
viscosity increases sharply with the polymer volume fraction. This behavior is
qualitatively observed for the three polymer-like systems investigated with however some
specific features.

[1.1. “ Conventional” polymers

For these systems, the expression of ¢ is obtained from Eq.(8) by noting that S. =a’

¢ =a’l,N/R’ ©)
or in terms of the true polymerization degree:

¢ ~a’N/R;’ (10)

The effect of temperature on ¢ is moderate in the case of conventional polymer, as it

only results from the variation of R with temperature.

A typical schematic representation of the variation of the zero-shear viscosity with

volume fraction for a*“conventional” polymer is givenin Fig.6.
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Figure 6: Schematic diagram of the variation of the zero-shear viscosity with volume
fraction for a “ conventional” polymer and determination of the overlap volume fraction

¢ and of the entanglement volume fraction ge.

In the dilute regime ¢ < ¢, the zero-shear viscosity is of the same order as that of the

solvent. It increases gently, according to**":

1 =n1+[n1¢ +k, [1°0°] (11)

where 7, is the viscosity of the solvent, [7] is the intrinsic viscosity, directly related to

the hydrodynamic volume of the polymeric chain and k,, is the Huggins coefficient
measuring the solvent-polymer interaction.

Above ¢ , two semi-dilute regimes are observed. The first one, which extends between ¢
and ¢@. corresponds to a state of overlapped but un-entangled chains. In this regime, the
dynamics of the system is described by the Rouse model. The viscosity scales with

polymer volume fraction according to*:
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~ (D 12
n (¢*) (12)

The second semidilute region, located beyond ¢, is the entangled regime where the
dynamics is described by the reptation model. The power law describing the variation of

the zero-shear viscosity with volume fraction is:

n=¢ (13)

In fact, the above behavior is only observed for polymers with molecular weight above
30,000. Below this limit, the behaviour of 7(¢) remains Rouse-like.

[1.2. Associating polymers

For these polymers, ¢ is also given by Eq.(10). The temperature dependence of ¢ might
be more significant than for unmodified polymers because of possible breaking of the
associations upon increasing temperature.

When studying the variation of the zero-shear viscosity of associating polymers with

concentration, several regimes are also usually identified (see Fig.7)™*:

(a) adilute regime ¢ < ¢,. In thisregime, the viscosity is slightly depressed, as compared
to that of the corresponding unmodified polymer. This is due to the chain contraction
resulting from intramolecular associations™®"'%"1%% The volume fraction ¢, has been
shown to be independent of the hydrophobic bloc length (Ny), the hydrophobic content
([H]) (¢, is rather close to the overlap volume fraction ¢* of the corresponding

unmodified polymer) and to decrease upon increasing the polymer molecular weight.
(b) a semidilute regime ¢, < ¢ < ¢r. This regime is characterized by a fast viscosity

increase, whose rate is enhanced upon increasing Ny and [H]. At the overlap volume

fraction ¢,, intermolecular links form through hydrophobic associations, which lead to an
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increase of the viscosity according to a mechanism that involves the disengagement of an

associating sequence from a crosslink followed by Rouse relaxation™!***,
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Figure 7: Schematic diagram of the various concentration regimes for multisticker

associating polymers (fromref.129)
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The rate of viscosity increase depends on the values of Ny and [H]. For multisticker
chains, the disengagement of one hydrophobic block from a crosslink does not permit the
relaxation of the entire chain, since the chain is till anchored by many other stickers even
in the absence of entanglements. Therefore, the chain cannot diffuse very far between
two consecutive sticker releases™. This slowing down of the relaxation can explain why
the rate of viscosity increase with volume fraction becomes very large upon increasing
the number of stickers per chain. This effect is aso enhanced upon increasing the sticker
size. (i.e., the hydrophobic block length = Ny), which controls the lifetime of an

associ ation.

(c) aconcentrated regime ¢ > ¢r. In thisregime, the viscosity follows a scaling behaviour
of the polymer volume fraction with an exponent close to 4, whatever Ny and [H].

This scaling behaviour is similar to that of the unmodified polymers in the entangled
regime as in this concentration range it can be assumed that the density of entanglements
is much larger than that of the hydrophobic associations.

I1.3. Wormlike micelles

For these systems, ¢ is given by Eq.(8), with Rg obeying Eqgs.(6) and (7). Aswill be seen
|ater, the micellar length decreases strongly upon increasing temperature. As a result, ¢
increases with temperature.

Figure 8 shows an example of the variation of the zero-shear viscosity with surfactant
volume fraction. Again, one observes a dilute regime with a viscosity close to that of
water and a sharp transition a ¢ . Generaly, there is not a clear identifiable Rouse
regime. This is partly due to the micelar growth resulting from the concentration
increase.

An increase of micellar length can be promoted by addition of salt and as a consequence,
the viscosity of the surfactant solution increases. The decrease in viscosity observed upon
further addition of salt is more difficult to explain. Several authors™"**! have proposed
that this decrease at high salt concentrations may be due to the formation of branched

micelles whose reptation is faster than that of linear micelles.
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Figure 8: Variation of the zero-shear viscosity as a function of surfactant volume
fraction (fromref. 136).

At very high salt content, the micelles eventually might form a multi-connected network,
in which stress relaxation can occur by the dliding of cross-links along the wormlike
micelles. Thus, the maximum in viscosity with increasing salt concentration would
indicate a shift from linear to branched micelles, then to a network (Fig.9). Cryo-TEM is
the only available technique suitable to give a direct evidence of branched micelles.
However, one has to be cautious about the Cryo-TEM results because of possible artifacts
due to mechanically-induced modification during the deposition of the sample on the

grid.
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Figure 9: Sift from linear to branched micelles by increasing salt concentration in

surfactant solution and Cryo-TEM images of branched structures.

1. THERMODYNAMICS

The notion of equilibrium is not the same for rea polymers and for wormlike micelles.
The latter are true equilibrium “living polymers’ whose length distribution is fixed by
thermodynamics conditions. For real polymers, the polymerization degree has been fixed
by the chemistry and the equilibrium conditions apply to the remaining degrees of
freedom.

The equilibrium properties of solutions are described by characteristic lengths, which in
turn control the osmotic compressibility and, in the entangled regime, the shear-plateau
modulus and the cooperative diffusion constant.

The properties of the dilute solutions are significantly different, depending on the type of
system investigated, whereas in the entangled state, all the polymer-like solutions exhibit
the same behaviour. The relevant length to describe the thermodynamic properties of
semi-dilute systems is the correlation length & defined as the mean distance between two
inter-chain contact points between two distinct chains. It corresponds to the average
mesh-size of the transient network. The expression of the correlation length in good

solvent conditions has been derived by de Gennes™:
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f _ Sc3/4I p1/4\/0—1/4¢_3/4 (14)
[11.1. “Conventional” and associating polymers

For both the above systems, the section & is ~ a%, so that Eq.(14) can be rewritten as:
f — a3/2| p1/4VO_1/4¢_3/4 (15)

In the dilute regime, the relevant length is the radius of gyration, which is, to the first
approximation, independent of polymer concentration.
A schematic log-log representation of the variation of the correlation length with polymer

volume fraction is given in Fig.10.
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Figure 10: Variation of the correlation length £ with the polymer volume fraction.

In the dilute range, &is equal to R, /+/3. The diagram &(¢) shown in Fig.10 is expected

to be, to the first order, independent of temperature.
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The osmotic pressure of the polymer solutions, which is proportional to the particle
concentration in the dilute range, becomes controlled by the correlation length in the
semi-dilute regime. It has been shown by de Gennes’ that the osmotic pressure is
proportional to the concentration of blobs, a blob being the part of the chain contained in
between two consecutive contact points. The osmotic pressure scales with the
concentration in the semidilute regime according to:

k., T
= % =k, Tg”* (16)
where kg is the Boltzmann constant.

The easiest way to investigate the osmotic behaviour of a solution is through light
scattering experiments. A schematic representation of the concentration dependence of

the scattered intensity at zero-wave vector I is shown in Fig.11.

0
-

Log I,

Figure 11: Variation of the scattered intensity at zero-wave vector (lg=0) with the

polymer volume fraction.
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Up to ¢, the scattered intensity increases due to the increase of concentration. The
increase is not linear because of virial effects. In the semidilute regime, 14 follows a
scaling law of the volume fraction derived from Eq.(16)

lyo =97 17)
The plateau modulus G, obtained at high frequency in the linear viscoelasticity

experiment is aso proportional to the blob density and is given by the same power law as

for the osmotic pressure:

-9 (18)

[11.2. Wormlike micelles

[11.2.a. Micellar growth

The growth of cylindrical micelles is controlled by the competition between the entropy
of mixing and the scission energy Egiss *>*. For neutral micelles, the scission energy is
equal to the end-cap energy that is the energy required to create two end-caps from a
semi-infinite cylinder.

The length distribution in electrostatically screened solutions of wormlike micelles
undergoing reversible scission can be obtained from the models derived for
“conventional” polymers but taking into account the two specific features of equilibrium
polymer solutions. i) the average length of the micelles is determined by the
thermodynamical equilibrium of the solution. ii) the micelles continuously break and
recombine. The length distribution of equilibrium polymers can be caculated using a
mean-field approach. For an electrostatically neutral system of linear chains, the total free
energy F per unit volume of micellar solution can be written as:
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F= kBT{Z c(L)[loge(L) + Ey / kBT]} (19)

where kg is the Boltzmann constant, T is the absolute temperature and c(L) is the number
density of elongated micelles of length L. The first term in Eq.(19) corresponds to the
entropy of mixing, and E«s iS the energy of scission of the micelle. The total volume
fraction is defined by

¢=> c(L)L (20)

The minimization of Eq.(19) with respect to c(L) paying attention to the constraint of

Eq.(20) leads to an exponential distribution of the micellar lengths and a mean micellar

length L that increases as the square root of the surfactant volume fraction according to
the following equations:

c(L) = exp(-L/L) (21)
and
L~ ¢"? exp(Eqies / 2K T) (22)

The above approach considers each polymer as a free random walk that is uncorrelated
with itself and with its neighbours. It does not take into account correlations brought
about by the mutual avoidance of the chains; such correlations are normally dealt with
using a scaling approach. When the excluded volume repulsion of the chain is strong, the
correlaions are important in the dilute regime and also in the semi-dilute regime. At
higher concentrations, or for weak repulsions, the mean-field results derived above are
appropriate. A scaling approach of the equilibrium properties of semi-dilute solutions of
wormlike micelles has been developed by Cates'™®®. If the system consists only of
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linear micelles, Egs.(21) and (22) still apply, with however a dightly different value for

the exponent of the variation of L with ¢

L=~ ¢ exp(Ey/2k,T) (23)

The scaling theory when rings are present is more complicated. The details have been
worked out by Petschek et al.**. It is found that, for large Exiss (20-30ksT), micellar rings
are invariably present below and around C" **2**3, The very long chains that would exist
can gain entropy by fragmenting into numerous smaller rings, without having to pay a
large free energy penalty to make linear chains of the same length. In the limit of an
infinite scission energy, the surfactant would form a cascade of micellar rings with aring
size distribution given by a power law times exponential, which is much broader than the
exponential aone and a cut-off in the low size range, at a contour length of about twice
the persistence length I,. For a finite, but high value of the scission energy, both open
chains and rings should be present in the system. The presence of such rings has been
reported around the overlap threshold in a few systems™®*?, In one of them, only rings
were present, and their size distribution was found to agree with the theoretical
prediction?.

Around C', the size of the largest rings gives a correlation length & (the mesh size of the
transient network of overlapping cylindrical micelles) that diverges smoothly, then the
system transforms into a solution of entangled linear micelles, and the micellar growth
behaviour described by Egs.(21) and (22) or (23) is recovered. In that regime, the

micellar system has similar properties to that of a semi-dilute polymer solution.

[11.2.b. Analogy Polymer/Surfactant

The strongest evidence in favour of very flexible micelles was obtained in studies
performed in the semi-dilute regime, i.e. a surfactant concentrations large enough so that
the elongated micelles overlap, forming a transient network**>. In this regime, the
systems exhibit a viscoelastic behaviour, very reminiscent of that of entangled polymer

solutions™® 14710 - However, there are two major differences between polymer
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solutions and wormlike micellar systems. The first difference is related to the self-
assembling nature of the process of formation of elongated micelles, which leads to
equilibrium polymers with a broad distribution of micellar sizes and an average micellar
length L that has been defined previously. The second difference is due to the fact that
the worm-like micelles can break and recombine on a time scale, which is dependent on

the system and on the physicochemical conditions.

One expects then a solution of semi-dilute wormlike micelles to behave as an entangled
network of polymer molecules, if observations are made on a time scae shorter than the
time 7, for scission or recombination. In this case, the properties of the system only
depend on the correlation length £ that represents the mesh size of the transient network
of overlapping cylindrical micelles. These properties can be characterized through the
measurement of the intensity of scattered light at zero wavevector 4o, the determination
of correlation length & and the measurement of the high frequency elastic moduli. All
these parameters are insensitive to the overall length of the micelles and to the micellar
kinetics. Experimental studies have shown that 1o and & obey power laws of the
surfactant volume fraction with exponents close to those predicted for semi-dilute

polymer solutions! 9162163

|q:0 - ¢—1/4 (24)

E=g" (25)

The volume fraction dependence of £isillustrated in Fig.12. The only difference with the
behaviour of conventional polymers appears in the dilute regime where & = RG/ V3

increases with concentration, due to the micellar growth.

As for the scattered intensity, its variation with the volume fraction is quaitatively the

same as that shown in Fig.11 for polymers.
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Figure 12: Variation of the correlation length with the surfactant volume fraction.

IV.LINEAR DYNAMIC PROPERTIES

[V.1.“ Conventional” polymers

IV.1.a. Reptation and Rouse models

De Gennes suggested that the predominant relaxation mechanism for long linear
polymers in the melt, is that of reptation'®. This process consists in the gradual
disengagement of any given chain, by curvilinear diffusion aong its own contour, from a
tube-like environment. The tube is made up of neighbouring chains; these present a set of
topological obstacles to diffusion normal to the chain contour (Figs.13-15).
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Figure 13: A polymer molecule entangled in a mesh of other polymer chains (From
Graessley 1982'%).

(A) (8) {C)

Figure 14: (A) A polymer molecule entangled with neighbouring molecules that delimits
the contour tube (B) in which the polymer molecule is confined. (C) The tube contour is
roughly that of a random walk with a step size equal to the tube diameter d (From
Graessley 1982'%°).
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Figure 15: Reptation of a polymer molecule out of its tube.

The diffusion constant of the chainin real spaceis:

-2

D=R>’/7,,=DJ,L (26)

where R represents the radius of gyration (R, = ([Ip)” %), 7., ISthe reptation time, and

Do is amobility constant, independent of the average chain length L.
The prediction of EQ.(26) is confirmed experimentally for chains longer than the

entanglement length 7. For shorter chains, the topological obstruction of one chain by

another is much less important; the dominant rel axation mechanism is not reptation but a
Rouse-like motion.
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The Rouse relaxation modes'®®*®” correspond to the interna relaxation modes of the
chain. Rouse described the chain as a succession of “beads’ separated by “springs’
(Fig.16).

PN
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Figure 16: Representation of a flexible randomly coiled macromolecule by the bead-

spring model.

In the Rouse model’®*®’, the excluded volume interactions and the hydrodynamic
interactions are disregarded and the relaxation modes involve only the rigidity of the
springs and the friction of the beads with solvent, both chain-ends being fixed.

The Rouse relaxation modes are observed in the case of fast relaxations (high

frequencies).

IV.1.b. Stressrelaxation

Doi and Edwards™® examined in detail the consequences of the reptation hypothesis, and
constructed a constitutive equation based on the reptation model that describes the linear
and nonlinear viscoelastic response of polymer melts under a variety of deformation
conditions. In the Doi-Edwards theory, the stress relaxation function (t), which
describes the fraction of imposed stress remaining at timet is simply the average fraction

of tube that has not been lost by disengagement by timet:
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()= izexp{— tl} (@)
r p T

where 7 ., the reptation time, which represents the requested time for a chain to lose

rep !

total link with itsinitia tube, is equal to:

—2

1

& Drx? (8)

where D' represents the curvilinear diffusion constant of a chain along its own contour
D =D,/L (29)

Thisresult isfound by observing that the parts of the original tube remaining at timet are
those, through which neither end has passed.

The scaling approach of de Gennes® leads to the following expression of T fOI

solutions in good solvent:

T =~ 3% (30)

rep

The zero-shear viscosity 77 isthen given by:

o = Go | 1Ok (31
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In deriving u(t),an important assumption is that the tube constraint imposed on any
given chain by its neighbours remains intact on the time scale z,,, of the disengagement.

The zero-shear viscosity can aso be written as:

770 = GO/z-rep (32)

By combining Egs.(18) and (32), one gets:

7o = L9 (33)

The relaxation times characteristic of the Rouse modes or the Reptation modes, are not in
the same scale range: at short time, the relaxation is controlled by the Rouse modes and is
observed at a scale smaller than the correlation length & For longer times, the relaxation

is controlled by the reptation modes at a scale larger than the correlation length &

IV.2. Associating polymers

IV.2.a. Sticky reptati0n135,169—171

Associating polymers can be represented as linear flexible monodisperse chains of N
monomers with S stickers attached to each chain that can associate to form reversible
crossinks. The stickers are considered as being at fixed positions along the chains. The

average number of monomers along the chain between stickersis:

N, =N/(S+1 (34)
A given sticker can exist in one or two states: either it is free (an open sticker) or it is
associated and forms a crosslink with other stickers (a close sticker). The simplest

description on a microscopic level requires two parameters. the average fraction p of

stickers that are closed and the average life-time 7 of a sticker in the associated state.
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The motion of chain molecules, in general, is controlled by their conformation and
topological constraints.

On time scales shorter than the average lifetime of a sticker in the associated state 7, the
reversible gel is indistinguishable from a permanent network. However, for times longer
than 7, the structure of this network changes as stickers break away from onetie point (on
time scale 7) and re-associate at another tie point (on time scale 71). Thus, contrary to the
permanent network, chains can diffuse in the reversible network and the stress can relax.
In analogy with polymers, the topological constraints due to surrounding chains can be
modeled by a confining tube. Therefore, the chain can move only along its own contour
length. In the case of associating polymers and as shown by Leibler et al.*®, this scheme
Is modified by the possibility for the hydrophobic blocks to stick to other chains that
comprise the wall of the tube (Fig.17).

Figure 17: Schematic representation of an elementary step of chain diffusion. (a) Initial
situation where the chain P has a crosslink i with chain P;. (b) Final situation where the

sticker forms a new crosslink f with another chain P,.(Fromref. 135).



This results in a hindered reptation with a dowing down of the system dynamics and
consequently a much higher viscosity. This model was derived under the assumption that
the number of entanglements is much larger that the density of stickers and of binary
associations between stickers. Another interesting prediction concerns the variation of the
zero-shear viscosity which is found to obey the following relationship as a function of

polymer concentration:

175 =< C**N**[S]*z(f (p)) (35)

where N is the degree of polymerisation.

IV.2.b. Stressrelaxation

The linear viscoelastic response of associating polymers has been calculated under the
assumption that the tube diameter is fixed by the density of entanglements and that the
number of monomers in an entanglement strand, Ne, is much smaller than the average
number Ns of monomers along the chain between stickers™.

Consider a step shear strain y applied to areversible gel at time t=0. The time-dependent
stress relaxation o (t) is described by the shear relaxation modulus, that is defined as:

G(t) =o(t)/y, (36)

At times shorter than the Rouse time of an entanglement strand 7z, the relaxation is
indistinguishable from that in the polymer without stickers. Since only the case Ns>Ng is
considered, Rouse motions of the entanglement strands are unaffected by the presence of
the stickers. On time scale z<t<t, there will be a plateau analogous to that observed in
permanently crosslinked networks'’?, with a modulus which has contributions from both
crosslinks and entanglements. Making the assumption that the number densities of
entanglements and crosslinks add together without synergistic effects, the shear modulus

isequal to:
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G, ~ CkBT[Ni + Ni} (37)

where C is the polymer concentration.
On the time scale 7 where the stickers open, the stress held by the stickers relaxes, and
the modulus drops to the level of the identical linear chain without stickers:

1
G, = CkBT(N—j (38)

e

This second plateau ends up at the terminal relaxation time of the reversible gel, Tg,

which depends strongly on the chain length, the density of stickersand =

N2 28
T, ~|—— _ (39)
1-9/p+12/p

e

This second plateau modulus can be rewritten by taking into account the scaling of Ne

with polymer concentration, i.e., N, « C™'* in good solvent®'":

G, = k,TC** (40)

Log Gt}
< Q.
'1——-—-»-

Logt

Figure 18: Schematic comparison of the time-dependent relaxation moduli for reversible
networks comprising linear chains with stickers (solid line) and linear chains without
stickers (dashed line) (Fromref. 135).
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IV.3. Wormlike micelles

IV.3.a. Micdllar kinetics

Cates et a. have considered two types of kinetic micellar processes for living
polymers'"+178;

(i) One process considered was the reversible uni-micellar scission (Fig.19),
characterized by a temperature-dependent rate constant, k per unit time per unit arc
length, which is the same for al elongated micelles and is independent of time and
volume fraction. Such assumptions are strictly valid in the entangled regime when
reaction rates are determined by the local motion of chain sub-sections and not by
diffusion of polymers over distances that are large compared to their gyration radii. The

micelle breaking time 1z, is found to be given by:

7, = (kL) (41)

Equations (22) and (41) predict that 7, should decrease upon increasing ¢ as ¢'1’2 in the

limit of high ionic strength, according to:
7, =k exp(-E g / 2k T) (42)

The derivation of EQ.(42) assumed fully screened electrostatic effects and no excluded
volume effect. Cates has accounted for the excluded volume effect and obtained an
equation identical to Eq.(42), where the ¢*term is replaced by ¢°®. In Equation (42), k
is found experimentally to be strongly temperature dependent (it increases with
temperature) and both k and E;ssvVary with the nature and the content of added salt.

(if) The other process is the bimolecular end interchange process (Fig.20) where a free
micellar end brings about the rupture of a micelle away from its ends and combine
simultaneously with one of the two free ends resulting from the rupture, the other end
remaining free. The associated breaking timeis given by:
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7, = (K'¢)" (43)

where K’ isthe rate constant for the end interchange process.

N A=

Figure 19: Scheme of the reversible uni-micellar scission process of rod-like micelles.

L, L + L"

L
— U~ B
Lf- L"

Figure 20: Scheme of bimolecular end interchange process of rod-like micelles.

Another possible bimolecular reaction scheme involves an inter-bond exchange (Fig.21).
The associated breaking timeis given by:

7, = (K"9)" (44)
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Figure 21: Scheme of the interbond exchange process of rod-like micelles.

IV.3.b. Stress relaxation

In the semi-dilute range, i.e. at surfactant concentrations large enough so that the
elongated micelles overlap, the systems exhibit a viscoe astic behaviour very reminiscent
of that of transient polymeric networks. It has been previously presented (paragraph 1V.1)
that in polymeric systems, the viscoelastic properties are described by a model based on
the reptation theory™®*. However the “living” character of the micelles provides additional
pathways for disentanglement; as a consequence, a speeding up of the relaxation process
is observed. In Fig.22 is represented the relaxation process when reptation and reversible

breaking process are combined.

Several behaviors are predicted depending on the relative values of 4, breaking time of a

polymeric micelle with a length equal to the average micellar length L and Trep, TEpLation
time.

It was found that if the breaking time is long compared to the reptation time (% >> z¢p),
the theory of reptation of polydisperse polymers should apply; a stress relaxation function
H(t) can be defined by

u(t) =~ exp[—const(t/7,q)"*] (45)

In thisregime, the terminal relaxation time T, equals Zep.
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In the opposite case where 7,<<z%¢, the micelle breaking plays an important role in the

viscous flow process as first stressed by Hoffmann et al.***>*, The Cates model predicts

an almost pure exponential form of the stress relaxation function with the terminal time:

1/2
TR = (Tb Z-rep

(46)

In this regime, breakage and recombination of the chain will occur before the chain

reptates out of the tube segment.

BREAKING

REPTATION

RECOMBINATION % )

Figure 22: Relaxation process of “ living polymers’ .
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Such a viscodastic system is generaly identified as a Maxwell dement'® that is
described by:

G (0) = Go(0TR)Y(1+w? T,°) (47)

G’ (®) = GowTr/(1+6? T,) (48)

where Gy is the plateau modulus and the relaxation time Tg = 7,/Go. The Cole-Cole
representations, in which the imaginary part G (), of the frequency-dependent shear
modulus is plotted against the real part G (o), can be used to get an estimate of the
relaxation time Tr. The Maxwellian behavior is ascertained by a semicircular shape of the
Cole-Cole plot G (G ), but deviations from the half circle occur at a circular frequency,

o, of the order of the inverse of the breaking time of the micelles (Fig.23).

max

GIG

GIG __
Figure 23: Typical normalized Cole-Cole plot for a 14.4mM viscoelastic surfactant
(erucyl bis-(hydroxyethyl)methylammonium chloride) solution, with KCI, at 15<C. The
lines are the calculated Cole-Cole plots for different values of the parameter ¢

(€ = t/1rep). The solid line represents the osculating semicircle at the origin®.
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Detailed results were obtained from a computer simulation by Turner and Cates™™ and
from a Poisson renewa model by Granek and Cates™’’ for various values of the ratio

{'= @/ %ep. including the intermediate regime % =~ %e. The calculated Cole-Cole plots
give the correspondence between the values of ¢ and { = #/Tg, which provides a

measurement of 7, by a comparison procedure between experimental and calculated

Cole-Cole plots. Equation (46) can be rewritten under the form:
Te= (1) (% Gie)™ (49)

with (2/10) - 1 as n/ Tiep 1S decreasing. The Poisson renewa model was also applied
to study the regimes that arise for a small breaking time, and/or small time scales when
the dominant polymer motion is not reptation but either breathing (which arises from the
tube length fluctuations) or the local Rouse-like motion (arising from regions of chains

shorter than the entanglement length 7).

A typica signature of the latter effect is a turn-up of both G’ (w) and G” (w) a high
frequency, whereas the simple reptation picture predicts a constant for G'(w) and a
decreasing G” (o). This results in a minimum in the Cole-Cole representation of the
dynamic modulus, whose depth can be used to estimate the number of entanglements per
chain in the system. The above model applies strictly to systems of entangled wormlike
micelles with an entanglement length (i.e. the contour length /e between two successive
entanglements) much larger than the persistence length |, and in a regime where the
breaking time is much larger than the Rouse time z, of a chain with the entanglement
length.

Under these conditions, the dip in the Cole-Cole plot was found theoretically to obey the
relationship’”:

Gmin zgfe (50)
G, L
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The frequency a, corresponding to the minimum of G~ was assumed to be:

0, =7, = 7, =l L (52)

where 7, is a microscopic time, proportional to the solvent viscosity 75 and the
persistence length |, 2.

Later on, the scaling behaviour of the dip was reexamined by Granek, using both an
analytical and a numerical procedure™”®. This analysis leads to different expressions of

G,.,1G,,and anintheregime %, » w," usualy encountered.

Grin /Gy = (£ /L)*° (52)
. fe 4/5 -1
o = ()", (53)

Note that the above expressions are the same as for regular polymers and are valid in the
case generally encountered where the dip occurs in a range of frequencies much higher
than 7,*. For associating polymers, it can be speculated that the same expressions hold if
@m 1S much higher than the inverse of the lifetime of the associations.

An interesting consequence of Eq.(46) concerns the effect of temperature. The three
characteristic times involved in Eq.(46) are expected to follow Arrhenius laws of the
form exp(E/ksT). This leads to the following relationship of Tgr in terms of the activation

energies E, and E¢, corresponding respectively to the temperature dependences of 4, and

Trep:

E,+E
T, ~exp ———= (54)
2k, T
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The above expression is valid under the condition #, « ze Or ¢/ EZ being temperature
independent.

The reptation theory predicts that ze ~ Egro. The temperature dependence of 7,
characterized by an activation energy, E, , is generally neglected in the analysis of the

data. In fact, as seen later, it turns out that it is not negligible when determining the

scission energy Tristhen given by:

Eb 3Esciss E”s
Tz ~exp exp exp
2k, T 4k, T 2k, T

(55)

Equation 55 has been used to obtain Eg;s for wormlike micelles from rheological and T-
jump data®>17°.

The modified reptation model developed by Cates can aso be used to predict the
dependence of the termina time Tgr on the surfactant volume fraction. The reptation

theory of semi-dilute polymer solutions in good solvents predicts that*:

T =L 07 % (56)
Combining EQ.(22) with Egs.(25) and (56) yields:

T.=0° (57)
Then inserting Egs.(57) and (42) in Eq.(46), using the mean field exponent 0.5 gives:

Te=¢"" (58)

I

The zero-shear viscosity 7 is related to the terminal time and to the plateau modulus Gg

through:



Mo =Gyl & (59)

For semi-dilute polymer solutions in good solvents, it has been shown that™®:

G, =k Tg** (60)

This relation has been shown to hold for polymer-like surfactant systems™*1%61% The

combination of Eqs.(58-60) gives:

Mo = ¢°° (61)

In the scaling approach with L = ¢°°, one obtains:

Ny=¢ 5 (62)

V. NON LINEAR RHEOLOGICAL PROPERTIES

The non-linear rheology of entangled polymer solutions has attracted the attention of
many theoreticians and experimentalists in recent years. Quite different behaviors were

observed for the three kinds of polymer systems considered here:
V.1. “Conventional” polymers

The models derived for these systems predict that the steady shear stress decreases with
shear rate 7 when 7 is large enough and that the polymers are aligned aong the flow
direction'®*818  This behavior cannot persist to indefinitely high shear rate and
eventualy, short relaxation-time processes become important, causing the stress to
increase again. The nonmonotonic variation of the steady shear stress versus the shear

rate is schematically represented in Fig.24%3'84,
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Nonmonotonic means here that there exists a y-range over which the stress is
multivalued. A schematic representation is shown in Fig.24. If the applied shear rate lies
in the region of decreasing stress (dotted part of the curve in Fig.24, 7, <y<p,), an
initially homogeneous flow becomes mechanically unstable. As a result, the solution
evolves up to a stationary state of shearing where bands of highly sheared liquid of low
viscosity coexist with a more viscous part supporting a lower rate. In the banded regime,
changes in shear rate essentialy alter the proportions of the low-and high- viscosity
bands. The stress upturn occurring at high shear rate (7>, ) is due to the contribution of
the solvent viscosity and of the high frequency rel axation modes.

Such a behaviour has not been observed experimentally for ordinary polymers. Some

shear-thinning occurs at higher shear rates but the shear stress continues to rise gently.

o(stress) 4

= e ¥ (shear rate)

Figure 24: A nonmonotonic stress versus shear rate curve; the dotted part is unstable. In
a banded flow, regions of shear rate 7,, 7, coexist to give a macroscopic mean shear

rate 7 which isfixed (under controlled shear rate conditions).
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V.2. Wormlike micelles

An extension of the linearised model presented in the previous section to describe
nonlinear phenomena has been derived by Cates et al.'®*'®. As a starting point, it is
argued that, while strong flows have important effects on the chain dynamics, they do not
at a first approximation have any effects on the scission/recombination reaction rates
themselves. With this assumption, a nonlinear viscoelastic constitutive equation for the
regime where %, is much shorter than 7, but long compared to 7z has been derived by
adapting the nonlinear theories of Doi and Edwards' % and Marrucci*®*¥| relative to
unbreakable polymers. However, for breakable polymers, the retraction affects all tube
segments equally at time scale larger than %, The equivalence of all tube segments,
which leads to a single exponentia behavior in the linear relaxation spectrum is
maintained in the nonlinear regime. As a result, the nonlinear behavior is very close to
that predicted for monodisperse unbreakable polymers by the Doi and Edwards model
except that the terminal timeis not ¢, but the shorter time given by Eq.(46).

A nonlinear viscoelastic constitutive equation has been derived for the case of the steady

shear flow by Cates et al."®*®. It predicts that at a critical shear rate 7,, an instability

appears that triggers the isotropic phase to a new state oriented parallel to the velocity. To

7. corresponds a maximum value o of oo When performing the experiments by
gradually increasing the stress ¢ and measuring the shear rate j, one should observe a

plateau in the curve o (7). Thevalue of o; isrelated to the plateau modulus Gy by:

o, ~0.67G, (63)

Asfor the critical shear rate 7, which corresponds to the sharp corner in the stress-shear-
rate curve, it is of the order of Tg™* (7, T, = 2.6).

The existence of a well defined stress plateau in the stress-shear rate curves has been
observed for several systems. The occurrence of shear bands for micellar systems
undergoing flow both in cylindrical Couette and cone-plate geometries, is established by

experiments. The evidence comes from birefringence microscopy’®*®#° and NMR
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velocimetry™®*. Furthermore, good quantitative agreement was found between the
predictions of the reptation-reaction model. Some deviations were observed concerning
thevaluesof o, /G, and y T, with respect to the theoretical values, mostly in relatively
concentrated systems. However, one always experimentally observes that the stress

plateau occurs at a shear rate of the order of Tr 1 and has avalue of the order of Gy.

V.3. Associating polymers

A stress plateau was also reported in the stress-shear-rate curves obtained for solutions of
associating polymers**°82192  Ag a matter of fact, the results were presented as plots
showing the variation of the viscosity with stress. The representative curves showed an
abrupt drop of the viscosity at a critical stress o. However, and contrary to the case of
wormlike micelles, the occurrence of this drop followed a gradua shear-thinning regime.
The value of oz was more than 10 times larger than the plateau modulus Go. It was
suggested by Aubry and Moan® that this abrupt drop resulted from the breaking of the

associations. The corresponding 7, was assumed to be the inverse of the life-time of the

associations. Up to now, no theoretical model has been proposed to describe the non-

linear rheology of these systems.
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Chapter |1

STRUCTURAL AND DYNAMIC PROPERTIES OF
ERUCYL BIS(HYDROXYETHYL)METHYLAMMONIUM
CHLORIDE



INTRODUCTION

Under appropriate conditions (salinity, temperature, concentration, presence of
counterions), surfactants molecules can self-assemble into long, flexible chains referred
to as wormlike micelles™3. If the scission energy of a micelle (the energy required to
create two end-caps from a semi-infinite cylinder) is large enough, then the semi-flexible
linear micelles may become very long and, similarly to polymers, can form entangled
networks in semidilute solutions, giving rise to highly viscoelastic fluids.

The analogy between wormlike micelles and polymers is a subject of debate; many
similarities in the rheology and dynamics of the systems have been noted and are reported
in the previous chapter.

Unlike polymers, wormlike micelles can break and recombine reversibly, and so are in
equilibrium with respect to their molecular weight distribution (this contrasts with
ordinary polymers, for which the molecular weight distribution is fixed by the conditions
prevailing at the time of the synthesis). The kinetics of micelle breakage and reconnection
depends on the surfactant type and the salinity.

In the semi-dilute regime, the osmotic compressibility and the correlation length follow
the same power laws with the volume fraction of surfactant, as those observed for
classical polymers™*®, while the dynamic properties are more complex. A model derived
by Cates’® is commonly used to describe the dynamics of such living polymers. It is
based on the reptation model of polymer dynamics but includes the effect of reversible
scission kinetics on the viscoel astic behaviour.

In this chapter, we investigate the structural and dynamic properties of the micellar
solutions of a cationic surfactant having a long (Cx) mono-unsaturated tail, the erucyl
bis-(hydroxyethyl)methylammonium chloride (EHAC), blended with 2-propanal, in the
presence of KCI, using light scattering and rheological experimental techniques.

The rheological properties of the pure surfactant (not blended with 2-propanol) has been
intensively studied by Raghavan and Kaler®. Their studies demonstrate that this surfactant
has the property to self-assemble into giant wormlike micelles in the presence of either
sodium salicylate (binding counterion) or sodium chloride (nonbinding counterion). The

solutions exhibit very high relative viscosity (7, ~ 10°) or a gel-like behavior a room

temperature, and they retain appreciable viscosity ((7, > 10* for temperatures up to 90°C.
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However, much higher concentrations of NaCl are required to produce high viscosities as
compared to those obtained by addition of NaSal. In the later case, the sdicylate
counterions are incorporated between the headgroups and penetrate into the hydrophobic
core of the micelles, whereas the CI” counterions only exhibit a screening effect. These
results make this surfactant a good “fracturing fluid” candidate for which a high
temperature resistance is required. In their analysis of the rheological behavior, Raghavan
and Kaler have considered surfactant concentrations well above the overlap concentration
C*.

The abnormally high viscosity observed compared to other conventional viscoelastic
surfactants is due to the enormous length of the wormlike micelles resulting from a huge
end-cap energy (Exiss = 65ksT for a60mM, 30mM NaSal solution, at 25°C). The end-cap

energy was determined from the Arrhenius relationship for the total contour length L (cf.
Chap. 1., 1V.3.b):

L=~¢"? exp(Eg /2K, T) 1)

and from the expression of Granek and Cates™:

Gmin ~ ffe (2)
G, L

These authors showed that this high value could not be explained by the nature of the
headgroup, as they demonstrated that changing the headgroup from EHAC to ETAC (that
is from bis(hydroxyethyl)methyl ammonium to trimethylammonium) did not ater the
main rheological features but by the nature of the hydrophobic tail. EHAC contains a cis-
double bound, which yields a very low Krafft point (<0°C)* and leads therefore to a
good water solubility. The long (Cy) tail is aso at the origin of the low C value
observed for this surfactant.

Some reservations were however made concerning the calculated value of the scission
energy that was found far above those reported for Cy6 surfactant micelles (= 20 kgT)**3.
Equation (1) is only valid for electrostatically screened micelles. When e ectrostatic

repulsions persist between the surface charges, the Egiss vValue thus obtained must be
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considered as a lower estimate, since it was determined at a low concentration of NaSal,
probably insufficient for complete screening.

Contrary to Raghavan and Kaer, we focused our investigation of the rheologica
behaviour of the EHAC surfactant both in the dilute and semi-dilute regime. We
determined the scission energy of EHAC in the semi-dilute regime, at high salt
concentrations (KCl), through rheological experiments, using for the first time al the
features of the complex shear modulus spectrum, including the Rouse modes, thus
providing three independent methods of measurement of the scission energy. We also
tried to explain the inconsistency between the high value of the Egiss determined by
Raghavan and Kaler and the lower values we obtained, by considering that the free
energy of scission could contain a large entropic term, possibly associated with the
rearrangement of counterions upon formation of an end-cap™°.

A theoretical model of Cates'’ describes the dynamics of living polymers in the
semidilute regime taking into account the presence of closed rings that form around C” in
the case of large Eg;ss Valuesand that affects the excluded volume statistics as well as the
scaling exponents for the concentration dependence of the viscosity and monomer
diffusion constant. In this chapter, we present a study on the micellar growth induced by
an increase of surfactant concentration by comparing for the first time, quantitatively, the
experimentally measured concentration dependence of the radius of gyration of the
micelles with the mean-field and scaling models derived for linear micelles. We conclude
to the presence of large aggregates, possibly rings or microgels, in the vicinity of C™ as
already observed for low-ionic strength micellar solutions of surfactants with a large

scission energy®*’.

Aqueous solutions of ionic surfactants can undergo uniaxia growth upon the addition of
salt and form an entangled network with a concomitant increase of the solution viscosity.
However, a maximum of viscosity is generaly observed upon further addition of salt.
Severa authors®'#%° have proposed that the decrease in viscosity observed with further
addition of salt might be due to the formation of branched micelles and eventualy a
multiconnected network in which stress relaxation can occur by the diding of crosslinks
along the wormlike micelles. Thus, the maximum in viscosity with increasing salt
concentration may indicate a shift from linear to branched micelles. Branching is
expected to occur when the free energy cost associated with the crosslink formation
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becomes comparable to that needed for the formation of end caps. A multiconnected
micellar network and an entangled micellar network cannot be distinguished from each
other directly by scattering techniques such as neutron or light scattering'. Cryogenic
transmission electron microscopy (cryo-TEM) is a technique that allows a direct
visualization of the surfactant aggregates in their agueous environment. It is the only
available technique to unambiguously distinguish between branched and unbranched
micelles. Such a technique was recently used by Croce et al. to explore the effect of salt
on the micellar shape of the EHAC surfactant®!, since Raghavan and Kaler previously
showed® that the solutions of this surfactant present a viscosity maximum as a function of
salt concentration. Spherical micelles were detected in the sat-free solutions and
branched structures were observed above a certain salt concentration that corresponds to
the maximum in the low shear viscosity. Croce et al. also observed the presence of loops
at low surfactant concentrations (0.5wt%) and for a salt concentration (1wt%) much
lower than the one corresponding to the maximum in the low shear viscosity (6wt%).
This concentration (0.5wt%) might correspond to the C" of this surfactant calculated for a
1wt% salt concentration and could confirm the conclusions drew in this chapter regarding
the presence of ringsin the vicinity of C .

The group of Kaler showed? that branched micelles may also develop with an increase of

temperature and deterioration of the “solvent quality”*,

The following paper will address al the issues mentioned above.
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ABSTRACT

The dtructural and dynamic properties of micellar solutions of erucyl
bi s(hydroxyethyl)methylammonium chloride (EHAC) blended with isopropanol, in the
presence of KCI, have been investigated by means of light scattering and rheologica
experiments. In the dilute regime, the micellar growth is larger than expected from mean
field or scaling models. The results obtained in the vicinity of the overlap concentration
suggest the presence of large aggregates, with size >100 nm, possibly micellar rings or
microgels. In the semi-dilute regime, the relationship between the zero shear viscosity
and the surfactant concentration is described by a power law with an exponent in
agreement with the mean field model of linear micelles. The methods based on the
analysis of the temperature dependence of the complex shear modulus to provide a
measure of the scission energy are discussed.
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Introduction

Flexible elongated surfactant micelles can be considered as model systems for the
study of reversibly breakable polymers™?. If the scission energy of a micelle (the energy
required to create two end-caps from a semi-infinite cylinder) is large enough, then the
semi-flexible linear micelles may become very long and entangled at relatively low tota
volume fractions of surfactant. In this semi-dilute regime, the osmotic compressibility
and correlation length follow the same power laws with the volume fraction of surfactant
asis observed for classical polymers“*®, while the dynamic properties are more complex.
This is due to the self-assembling nature of the micelles that can be considered as
equilibrium polymers undergoing a reversible breakdown. A model based on the
reptation theory which describes the rheological properties of entangled polymeric chains
but including the effects of reversible scission kinetics has been derived by Cates™’. A
wide range of viscoelastic data appears to support this model.

Worm-like micelles can be used as thickening and rheology-control agents in
agueous systems. Recently, they have been applied for drag reduction®® or oil field
fluids'®**. One advantage of these systems over the polymer solutions is that they reform
after breaking under shear, making them stable in applications where high shear rates are
used.

The recovery of hydrocarbons from subterranean formations can be accomplished
by a fracturing process using wormlike micelles based fluids. Their main functions are to
open the fracture and to transport the propping agent along the length of the fracture. The
fluid should be highly viscous, but it should also exhibit low friction pressure during
pumping, provide good fluid-loss control, clean-up rapidly once the treatment is over and
be as economical as practical. Many different types of fluids have been developed to
provide these properties. Polymer solutions are the most popular fracturing fluids but
they offer some disadvantages. Recently a new class of fracturing fluids based on
viscodlastic surfactants has been developed. Compared to conventional polymer-based
treatment fluids, the viscoelastic surfactant fluids have the advantage that they do not
clog the pore space in the proppant and so improve the fracture clean-up™. This is
facilitated by the responsive nature of the VES-based fluids, in that their worm-like
micellar structure is broken on contact/mixing with the produced fluids, resulting in alow
viscosity fluid. Cationic surfactants with long (C22) mono-unsaturated tails were shown to
be efficient fracturing fluids'. In particular agueous solutions of erucyl bis



(hydroxyethyl) methyl ammonium chloride (EHAC) in the presence of sodium or
potassium chloride exhibit appreciable viscosities up to high temperatures (c.a. 80°C). In
the presence of sodium salicylate, the effect is even enhanced™.

In this paper, we report light scattering and rheology measurements on micellar solutions
of a blend of EHAC and isopropanol, in the presence of KCl. The presence of
isopropanol allows a storage of the surfactant under a liquid form, which is required for
the applications. These experiments allowed us to investigate the connection between
static and dynamic properties of the systems. Above the crossover concentration C', the
viscoelastic properties of the entangled micellar network are well described by the Cates
model®’. From the temperature dependence of the complex modulus, we have determined
the scission energy of the micelles using three different procedures that led to self-
consistent results. Light scattering measurements show that in the semi-dilute regime, the
scattered intensity and the correlation length obey the scaling behaviour observed for
classical polymers. In contrast, below C’, the scattering data are not consistent with the
mean-field model of micellar growth. The results suggest the presence of very large
aggregates, possibly micellar rings, that is predicted for systems with a large scission

energy®”.
Theoretical background

The main features of the theoretical models describing both equilibrium and
dynamic properties of wormlike micelles can be found in refs. 6 and 7. Here we simply
recall the theoretical results that are needed to discuss our experiments, more specificaly

regarding the shape of the stress relaxation.
a) Equilibrium properties

The mean-field models*® predict that c(L), the number density of elongated

micelles of length L, is exponential with some mean length, L (L being expressed in

monomer units)

c(L) ~ _—12exp(—L/E) (1)
L
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With
L= & exp(Essisd/ 2keT) (2

where @ is the surfactant volume fraction and EgsiS the scission energy of the micelle,
that represents the excess free energy for a pair of hemispherical endcaps relative to a
rodlike region containing an equal number of surfactants. The above relationships have
been derived for nonionic micelles or ionic micelles at large ionic strength.

Benoit and Doty have calculated the unperturbed radius of gyration of wormlike
chains in dilute solution as a function of the total contour length L and the persistence
length 1, *°:

NNCR R T A
RG_ 3 |p+E Ez |:1 ex[{lp J:| (3)

The above expression serves as a bridge between the rod limit where Ip»f and

RZ =L /2and therandom coil limit where L» | and RZ =1 /3.

The concentration dependencies of Rg for linear wormlike micelles in the two
limits given above are obtained by using Eq.(2)

Rg~¢”2 if E«Ip
4
Re~@™ if L»l,

The above expressions are meant for the unperturbed radius of gyration. In the

presence of excluded volume, the exponents of the power laws above are dightly
modified (from 0.5 t0 0.6 for | ,» L and from 0.25t0 0.3 for L» I,).

A scaling approach of the equilibrium properties of semi-dilute solutions of
wormlike micelles has been developed by Cates®’. If the system consists only of linear

micelles, Egs.(1) and (2) still apply, with however a dlightly different value for the

exponent of the variation of L with &
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L~ @ °° exp(Exiss/2ksT) (5)

According to the theory developed in ref. 6 and references therein, Egs.(1) and (2) or (5)
should apply in the concentration regime @ > ~ 2@ . It is found that, for large Egss (20-
30 kgT), micellar rings are invariably present below and around C™ ®’. The very long
chains that would exist can gain entropy by fragmenting into numerous smaller rings,
without having to pay a large free energy penalty to make linear chains of the same
length. In the limit of an infinite scission energy, the surfactant would form a cascade of
micellar rings with aring size distribution given by a power law times exponential, which
is much broader than the exponential alone and a cut off in the low size range, a a

contour length of about twice the persistence length |, For afinite, but high value of the

scission energy, both open chains and rings should be present in the system. The presence
of such rings has been reported around the overlap threshold in a few systems'’*%. In one
of them, only rings were present, and their size distribution was found to agree with the
theoretical prediction’.

Around C’, the size of the largest rings gives a correlation length that diverges
smoothly, then the system transforms into a solution of entangled linear micelles, and the
micellar growth behaviour described by Egs.(1) and (2) or (5) is recovered. In that
regime, the micellar system has similar properties to that of a semi-dilute polymer
solution. In particular, the scattered intensity 14,0 and the correlation length & obey the

following scaling laws to dilution®>*:

-0.25
Iq_)O -~ @

(6)
f - ¢-0.75

b) Dynamic properties

Cates et al. have considered two types of processes™ %
(i) One process considered was the reversible unimicellar scission, characterized by a
temperature-dependent rate constant, k per unit time per unit arc length, which is the
same for all elongated micelles and is independent of time and volume fraction. Such

assumptions are strictly valid in the entangled regime when reaction rates are determined
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by the local motion of chain sub-sections and not the diffusion of polymers over distances

large compared to their gyration radii. The micelle breaking time 7, is found to be given

by:

%= (kL)™ (7)

The temperature and volume fraction dependencies of 7, are obtained by combining
Egs.(2) and (7):

7o = K @2 exp(-Exisd 2keT) (8)

The derivation of Eq.(4) assumes fully screened electrostatic effects and no excluded
volume effect. In Eq.(8), k is found experimentally to be strongly temperature dependent
(it increases with temperature) and both k and Eg;s vary with the nature and the content
of added salt.

(if) The other process considered was the bimicellar end interchange process where afree
micellar end brings about the rupture of a micelle away from its ends and combines
simultaneously with one of the two free ends resulting from the rupture, the other end

remaining free. The associated breaking timeis given by:
h=~ (K @) (9)
where K’ isthe rate constant for the end interchange process.

Another possible bimicellar reaction scheme involves an interbond exchange.

In systems where both bimicellar and unimicellar processes are simultaneously

present, the breaking time which is relevant for the stress-relaxation experiments (see
below) will be the fastest one.

C) Stressrelaxation

In the linear regime, the model predicts several rheological regimes, depending on

the relative rates of diffusive polymer motion and reversible breakdown processes.
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In particular, a nearly single exponential stress decay function is predicted in the
limit where the micelle breaking time is short, compared to the reptation time ze, Of a
micelle of length equal to the average micellar length.

The stress rel axation is then characterized by a new intermediate time scale, Tg,

Tr= (% Trep)]j2 (10)

At low frequencies, the behaviour of the liquid is Maxwellian, which is described by the
equations

G (0) = Go(0Tr)/(1+0* T2)
(11)
G” (0) = GooTr/(1+0* T2)

where Gy is the plateau modulus. The Cole-Cole representation in which the imaginary
part G (w) of the frequency dependent shear modulus is plotted against the real part
G (w) can be used to get an estimate of the relaxation time, Tr. The Maxwellian behavior
is ascertained by a semicircular shape of the Cole-Cole plot G (G ), but deviations from
the half circle occur at a circular frequency, o, of the order of the inverse of the breaking
time of the micelles.

In the opposite limit 7%, » ey, the stress relaxation is a stretched exponential with a
terminal time Tr = 7. Detailed results were obtained from a computer simulation by
Turner and Cates ®*?? and from a Poisson renewal model by Granek and Cates™ for

various values of the ratio {'= m/ze including the intermediate regime %, = 7. The
cdculated Cole-Cole plots give the correspondence between the values of ¢ and Z =

7w/ Tr, Which provides a measurement of 7, by a comparison procedure between
experimental and calculated Cole-Cole plots. The EQ.(10) can be rewritten under the

form:

To= (1) (% te)™ (12)

with (2/¢) — 1 as 5/1e, decreases. The Poisson renewal model was also applied to

study the regimes that arise for a small breaking time, and/or small time scales when the
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dominant polymer motion is not reptation but either breathing (which arises from the tube
length fluctuations) or the loca Rouse-like motion (arising from regions of chain shorter
than the entanglement length, ¢.).

A typical signature of the latter effect is a turnup of both G (w) and G (o) at high
frequency, whereas the simple reptation picture predicts a constant asymptote for G ()
and adecreasing G (). This resultsin aminimum in the Cole-Cole representation of the
dynamic modulus, whose depth can be used to estimate the number of entanglements per
chain in the system. The above model applies strictly to systems of entangled wormlike
micelles with an entanglement Iength (i.e. the contour length /e between two successive

entanglements) much larger than the persistence length |, and in a regime where the

breaking time is much larger than the Rouse time z of a chain with the entanglement
length.

Under these conditions the dip in the Cole-Cole plot was found theoretically to
obey the relationship®:

G _ Le (13
G L

where G, is the plateau modulus. The frequency an, corresponding to the minimum of

G was assumed to be:
W =T~ T M2~ L (14)

where 7, is a microscopic time, proportional to the solvent viscosity 75 and the

persistence length | *°.

Later on, the scaling behaviour of the dip was reexamined by Granek, using both

4

an analytical and a numerica procedure®. In the regime, usually encountered 7, » o,

his analysis leads to different expressionsof G_. /G, , and

Grin /Gy ~ (£ /1)*° (15)
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o, ~ (%)‘”57: (16)

Note that the above expressions are the same as for regular polymers. This is due to the
fact that the dip occursin arange of frequencies much higher than ™.

An interesting consequence of EQ.(10) concerns the effect of temperature. The
three characteristic times involved in Eq.(10) are expected to follow Arrhenian laws of
the form exp(E/ksT). This leads to the following reationship of Tg in terms of the
activation energies E, and E. corresponding respectively to the temperature

dependences of 7, and zep:

E +E
T, ~ exp(ﬁj (17)
B

The above expression is valid under the condition 7, « %e o (/{2 temperature
independent.

The reptation theory predicts that ze ~ L3 %,. The temperature dependence of 7,
characterized by an activation energy E, is generally neglected in the analysis of the

data. In fact, as seen later, it turns out that it is not negligible when determining the

scission energy Tristhen given by:

Eb 3Esciss E’Is
Tz ~exp exp exp
2k, T 4k, T 2k, T

(18)

Equation 18 has been used to obtain Eg;s for wormlike micelles from rheological and T-
jump data™*.

The modified reptation model developed by Cates can also be used to predict the
dependence of the termina time Tr on the surfactant volume fraction. The reptation

theory of semi-dilute polymer solutions in good solvents predicts that'®:

T, =L &% (19)

rep —
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Combining EQ.(2) with Egs.(6) and (19) yields:

T =0 (20)

Then inserting Egs.(20) and (8) in EQ.(10), using the mean field exponent 0.5 gives:

Te=¢™" (21)

N

The zero-shear viscosity N is related to the terminal time and to the plateau modulus Go

through:

Mo =Gyl & (22)

For semi-dilute polymer solutions in good solvents, it has been shown that:

G, =k Tg”* (23)

This relation has been shown to hold for polymer-like surfactant systems“?%. The

combination of Eqs.(21-23) gives:

Mo = ¢°>° (24)

In the scaling approach with L = ¢°°, one obtains:

= ¢ (25)

M aterialsand Methods

a) Materials

The erucyl bis-(hydroxyethyl)methylammonium chloride (EHAC) is a Cy,
surfactant with a cis unsaturation at the 13-carbon position. Its chemica structure is

shown below. It is supplied by Akzo Nobel, Chicago, IL. It isused in the form of aliquid
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blend of the quaternary ammonium salt with 25wt% isopropanol (I.P.A). Upon dilution,
the ratio IPA/EHAC is maintained constant. Therefore the content of 1PA in water varies
from 0.014% for [EHAC] = 1 mM to 1.4% for [EHAC] = 100 mM.

The concentration of the EHAC samples reported in the text correspond to the
active surfactant (i.e. after correction of the 25wt% |.P.A. added in the blend). Note that a
few experiments were a so performed with |.P.A.-free EHAC, denoted EHAC,.

e H H o
CH »—CH 2-OH
c=c B
CH 3~(CH 2)7 (CH2)11-CH2>-N-CH 3
CH 2—CH »—OH

Potassium chloride was supplied from Aldrich.
Solutions containing surfactant and salt were prepared using deionised water.

b) Static Light scattering (SLS)

For light scattering experiments, al solutions were filtered through a 0.22um Millipore
(Sartorius) filter into the cylindrica scattering cells.
In the SLS experiments, the excess of scattered intensity 1(q) was measured with respect

to the solvent, where the magnitude of the scattered wave vector qis given by:

dm . 6 (26)

In Eq.(26), n is the refractive index of the solvent (1.34 for water at 25°C), A is the
wavelength of light in the vacuum, and @ is the scattering angle. In our experiments, the
scattering angle @ was varied between 20° and 150°, which corresponds to scattering

wave vectors q in the range from 6x 10 to 3.2x 10 nm™.
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c) Dynamic Light scattering

Dynamic light scattering (DL S) experiments were performed on a standard setup
by means of a spectrometer equipped with an argon ion laser (Spectra Physics model
2020) operating a A 488 nm, an ALV-5000 correlator (ALV, Langen-Germany
Instruments), a computer-controlled and stepping-motor-driven variable angle detection
system, and a temperature-controlled sample cell. The temperature was 25 + 0.1°C. The
scattering spectrum was measured through a band-pass filter (488 nm) and a pinhole
(200pum for the static experiments and 100um for the dynamic experiments) with a
photomultiplier tube (ALV).

In the dynamic light scattering experiments, the normalized time autocorrelation function
g®(q,t) of the scattered intensity is measured.

g(2) (q.t) = w (27)

(1(g,0))°

The latter can be expressed in terms of the field autocorrelation function or
equivalently in terms of the autocorrelation function of the concentration fluctuations
g®(q,t) through:

g (1) = A+ Blg®(a)| (28)

where A is the baseline and £ is the coherence factor which in our experiments is equal

to 0.7-0.9. The normalized dynamical correlation function g®(qt) of polymer
concentration fluctuations is defined as:

&(q,0)8c(q,t))
(gt ! 29
g7 (qt) (5(0.0)) (29)

where dc(q,t) and éc(qg,0) represent fluctuations of polymer concentration at time t and
zexo, respectively.
In the case of adiffusive process, g¥(q;t) is given by:
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g (a,t) = exp(-t/7) (30)

with 7= Dqf, where D is the diffusion coefficient.

The apparent hydrodynamic radius Ry of the diffusive particlesis given by:
RH = Iimq—>0 # (31)

where 70 is the viscosity of the solvent.

d) Rheology

Rheological experiments were performed with a Bohlin CVO rheometer. Steady
state measurements were done under controlled stress or controlled rate depending on the
sample viscosity using the cup and bob geometry (coaxia cup, 25mm diameter bob) or a
double gap cdl (inner diameter 40mm, outer diameter 50mm) depending on the sample
viscosity. The shear rate was varied between 10 s* and 100 s*. Dynamic rheological
experiments were carried out with the same rheometer using the coaxial cup cell. The
frequency was varied between 10 Hz and 5 Hz under a maximum shear stress of 0.7 Pa.
The cell was heated by a reservoir of fluid circulating from a high temperature bath. A
metallic cover was placed on the top of the sample to minimize sample evaporation. The
sample was equilibrated for at least 15 min at each temperature prior to conducting
experiments. Both steady and dynamic rheological experiments were performed at
different temperatures. The frequency spectra were conducted in the linear viscoeastic

regime of the samples, as determined previously by dynamic stress sweep measurements.

e) Analysis of the complex modulus data

Figure 1 shows a typical Cole-Cole plot where G and G” have been normalized
by the value of G” at the maximum. The ratio = @/%e Can be obtained from the
analysis of the very early departure from the osculating semicircle at the origin. This is

done by superimposing to the experimental data the theoretical normalized Cole-Cole
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plots that disregard nonreptative high-frequency effects, calculated numerically for
different values of { #+?*%. Thisisillustrated in Figure 1 which shows the Cole-Cole plot
obtained for a solution of EHAC at a 14.4 mM active concentration with 400mM KCI at
T = 15°C, together with 3 calculated ones, the best fit being obtained for 0.13 < { < 0.3.
Note the departure in the high-frequency range, due to non-reptative effects. The low-

frequency data or low-shear measurements yield the zero-shear viscosity.

3 T T
x 2_ ]
N
Q
O
1] (=03 .
O T T
0 1 2 3

GIG __
Figure 1. Normalized Cole-Cole plot for a 14.4 mM EHAC solution, with 400mM KCI at
T=15<C. The corresponding values of Z are (0.7, 0.8 and 1.2). The lines are the

calculated Cole-Cole plots for different values of the parameter (0.1, 0.13 and 0.3). The

solid line represents the osculating semicircle at the origin.

For quasi-Maxwellian systems, the plateau modulus and the terminal relaxation
time can be estimated from G (ag), Where axis the frequency at which G (@) and G ()
cross each other. Gp = 2G (ak) = 2G max and Tr = (ar)™

In al cases the zero-shear viscosity directly measured coincided within 10% with

that obtained from 770 = Gg Tr.

The determination of 7, was made by combining the measurements of Tg and Z .
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Results

a) Concentration regimes of wormlike micellar solutions

The overlap concentration C~ of the wormlike micelles, defining the crossover
between the dilute and semi-dilute regimes, respectively, can be determined by means of
different techniques including static and dynamic light scattering®™, T-Jump® and
rheological measurements®3*33. Among these techniques, the rheology is particularly
well adapted. In the dilute regime, as the micelles are far apart from each other, the zero-
shear viscosity is very low, of the order of that of water. In the semi-dilute regime beyond
the overlap concentration C, the systems form an entangled mass of cylindrical micelles
and the zero-shear viscosity increases sharply with concentration®®*>*%, The zero-shear
viscosity can be obtained both from the low frequency limit of the complex viscosity

1 (w) and the zero-shear limit of the steady shear viscosity.

Figure 2 shows the comparison between the dynamical and the steady-shear
viscosity for a EHAC sample at an active concentration of 8.8 mM, at atemperature T =
25°C and in the presence of 400 mM KCI. According to the Cox-Merz rule, these two
functions were found to coincide for entangled solutions of polymers. For viscoelastic

surfactant systems, dynamic and steady shear viscosities were reported to deviate from

each other in the shear thinning regime, i.e. at 7./TR <12 These deviations seem to become

more pronounced as the surfactant concentration is increased. They have been attributed
to the occurrence of an isotropic-nematic transition induced by the flow®. The results

reported in Fig.2 refer to highly diluted sample. No significant deviations within the

experimental accuracy were observed in the ;/ o range investigated. It is likely that at

very low concentration, much larger shear rates are requested to produce an important

effect of the orientation of the wormlike micelles.
Flow experiments were performed on EHAC as a function of surfactant

concentration, temperature and KCI content. Also the behaviours of EHAC, and EHAC
were compared.
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Figure 2: Steady-state values of the shear viscosity 77( ) as a function of shear rate (7)

(#) and magnitude of the complex viscosity (77 (@)) as a function of the angular frequency

(@) (m), for 2 8.8 mM EHAC solution, with 400 mM KCl at T=25°C.
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Figure 3: Variation of the zero-shear viscosity versus EHAC concentration with 400mM
KCl, at 15C (A), 25T (o) and 50 T (m). The straight lines are the best fits to the data.
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In Fig.3 are reported in log-log scales the variations of the zero-shear viscosity
obtained from steady flow measurements with the total surfactant concentration for three
EHAC solutions at different temperatures. One observes at each temperature a net break
at aconcentration C that increases with temperature.

Beyond C', the zero shear viscosity follows a power law with the concentration except at

high concentrations (C > 10 C" ) for which the variation of 1o with C isless steep.

We have aso investigated the effect of the salt concentration on C'. The
variations of C* with 10%T for three potassium chloride concentrations are reported in
Fig.4. The temperature dependence of C is much stronger for the low KCI content than
for the systems with [KCI] > 400 Mm. In correlation with this behaviour, it must be noted
that the zero-shear viscosity measured at a given surfactant concentration exhibits a
maximum in the vicinity of [KCI] = 400 mM (cf. Fig.5)*%®. Therefore, al the light
scattering and the linear viscosity experiments reported below have been performed in the
presence of 400 mM KCl.

It must aso be noted that for pure EHAC, the maximum of the zero shear
viscosity upon varying the salt concentration is obtained for a higher KCl concentration,
namely 800mM. In Fig.6 are compared the variations of the zero-shear viscosity versus
active surfactant concentration for both EHAC and EHAC, at sat concentrations
corresponding to the maximum of 7. Interestingly, the presence of 1.P.A reduces the
values of C" (C gnac=1.2mM and C gyacp=1.9mM). The localization of small amounts of

[.P.A. at the micellar interface could be possibly the origine of this effect.
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Figure 4: Semi-log plots of C" versus 10%T for EHAC solutions with 133.3 mM KCI (0),
400 mM KCI (o) and 666.6 mM KCI (4).
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Figure5: Variation of the zero-shear viscosity versus KCl concentration for 105.6 mM
(A) and 70.4 mM (e) EHAC solutionsat T = 25<C.

96



T T @
10" 3 °
] ° LI
10° 3 . 3
..
0 107 -
© [ ) | |
S ® =
= 3 ® [ ] E
3 . "
107 3 ® g | E
10* =
10" 10° 10"
CEHAC(mM)

Figure 6: Variations of the zero-shear viscosity versus active EHAC concentration for
EHAC, (m) (800mM) and EHAC (e) (400mM) at T=25°C.

b) Static light scattering

Plots of 1(g)™ versus g° were extrapolated to g = O to give intercepts 1(0)™. The
average static correlation length & was determined from the slope of these plots using the

Ornstein-Zernike law:

(@)™ =1(0"[1+q°¢7] (32
In dilute solutions, the average radius of gyration of the micellar aggregatesis given by:
R, =£4/3 (33)
Figure 7 shows typical scattering curves obtained for systems with active EHAC
concentrations respectively equa to 0.35 mM (C/C'= 0.3); 1.4mM (C/C'= 1) and 14.4

mM (C/C" = 8) in the presence of 400mM KCI. The downwards curvature displayed by
the | * versus of plots for the solution at C/C™ ~1, indicates a marked polydispersity of the
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sample, with the presence of rather large scattering objects. Similar behaviours were
reported for other wormlike micellar systems in the vicinity of C', where the micelles are
expected to be the largest*®.

The curvature tends to disappear for systems whose concentrations are far apart
on either side of C'. Thisis due to the fact that, at high dilution, the particles are smaller
and therefore the scattering curves are less sensitive to the polydispersity, whereas at
concentrations C » C, the scattering is controlled by the correlation length that is
independent of micellar length. From the slopes of the low g-range linear parts of the
plots 1(g)'vs o, one determines the correlation length & The concentration dependences
of £ and of 1(0) are reported in Figs.8 and 9 respectively. Both parameters exhibit a
maximum at a concentration of 1.75 mM, that is a value close to the crossover

concentration C~ determined by viscosimetry.
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Figures 7: Variations of the inverse scattered intensity versus g° for EHAC solutions with
400mM KCI at 3 different concentrations (a) C=0.35mM, b) C=1.4mM, c) C=14.4mM).
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Figures 7: Variations of the inverse scattered intensity versus g° for EHAC solutions with
400mM KCI at 3 different concentrations (a) C=0.35mM, b) C=1.4mM, c) C=14.4mM).
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Figure 9: Variation of the scattered intensity at zero scattering angle versus EHAC

concentration with 400mM KCI at T=25<C.
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c) Dynamic light scattering

The normalized time autocorrel ation functions of the scattered field, for a solution
of EHAC with 1.75 mM active concentration were measured at different scattering
angles. The analysis of g™™(t) by means of the cumulant method yielded very large values
of the variance that was found to increase upon decreasing scattering angle from 0.25 at ¢
= 120° to 0.38 at & = 30°. One expects here a large polydispersity since the theoretically
predicted length distribution is exponentia (cf. Eq.(1)). However the value found here is
still much higher than that previously reported (v = 0.1) for micellar solutions of
cetyl trimethylammonium bromide in the presence of 0.5 M KBr °.

Another method to analyze g'¥(t) is the Contin method, based on the Laplace
transform of g®(q,t) that provides the distribution function of decay times a(t) *.
Figurel0 shows the results obtained by applying this method. At large angles (6 = 120°
and 90°), the distribution consists in a broad peak but as the angle is decreased, the
distribution exhibits a shoulder, (¢ = 60°) and becomes bimodal with well separated
characteristic times at 8 = 30°. At this scattering angle, the apparent hydrodynamic radii
obtained from Eq.(31) yield Ry1= 37nm and R> = 175 nm. The latter value is rather close
to that of the radius of gyration measured by static light scattering (cf. Fig.8). A similar
behaviour is observed for asample at C = 1.23mM. The Contin analysis of the solution at
C = 0.35mM does not show a bimoda distribution, but a broad peak in the whole range
of scattering angles investigated. The variance of this system is still very large (v = 0.32
at 6= 30°). The log-log variation of the average relaxation time 7 as a function of g,
represented in Fig.11 is described by a slope of -2.5, whereas a q° dependence is
expected for the collective diffusion process of particles.

All the above observations are the signatures of a very broad size distribution of
particles with the presence of particles large as compared to the scattering vector (q Rs <
1).
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Figure 10: Distribution function of decay times a(t) obtained by the Contin method at
different scattering angles for a 1.75 mM EHAC solution with 400 mM KCl at T = 25°C.
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Figure 11: Log-log variation of the average relaxation time as a function of q for a

0.35mM EHAC solution with 400mM KCI at T=25<C.
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d) Linear viscodasticity

Figure 12 shows an example of the variations of the storage modulus G, and the
loss modulus G as a function of the angular frequency for a sample with an active
EHAC concentration C = 14.4mM (with 400mM KCL) at a temperature T = 25°C. The
Maxwell Equations (11) fit the data in the low frequency range whereas at high
frequencies one observes, first a deviation due to the effect of micellar breaking and the
appearance of the breathing modes, then an upturn arising from the local Rouse modes as
in the model of Turner and Cates™.
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Figure 12: Variationsof G’ and G” as a function of the angular frequency for a 14.4mM
EHAC solution with 400mM KCL at T = 25°C. Thelines are fitsto the Maxwell model.

Figure 13 shows a master curve where the data obtained at different temperatures
have been plotted against the angular frequency scaled by the terminal time Tr. The low
frequency data collapse onto single curves with slopes of 2 and 1. The high frequency
plateau value Gy of G is constant with temperature within the experimental accuracy.
This behaviour is in agreement with EQ.(23) that predicts a very small variation of Gg
with temperature. Beyond the maximum of G, one observes deviations of G (o) from

the master curve. This behaviour, previously observed for other systems™, is due to the
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fact that the different characteristic times of the stress relaxation scale differently with the

average micellar length L and/or temperature:

T ~L; 7, ~ k(I')E_l; T, ~L* where 7 is the Rouse time of the micelle and z, the

Rouse time of the entanglement length ¢, which isindependent of L.
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Figure 13: Rheological master curves for dynamic shear for a 14.4 mM EHAC solution
with 400mM KCI, obtained by scaling the data generated at various temperatures
(15,20,25,30,35 and 40<C). For the clarity of the representation, filled and empty
symbols have been used alternatively.

This explains in particular that the minimum of G” is increasingly shifted in
scaled frequencies as the temperature decreases, since the position of this minimum arises
from the overlapping of the reptation and the local modes respectively as will be
discussed later. It must also be stressed that the above behaviour differs strongly from
that of conventiona polymers for which a single master curve is expected in the whole

frequency range upon varying the temperature.
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The temperature dependence of Tris found to follow an Arrhenius behaviour as
illustrated in Fig.14 that shows the semi-log plot of Tg versus 10%T. The slope of the
obtained straight line gives an activation energy: Er= (34 £ 1) kgT (taking T = 300°K).
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Figure 14: Arrhenius plot of the relaxation time T versus 10%/T for a 14.4 mM EHAC
solution with 400mM KCI.

Discussion

a) Micellar growth

Information on the micellar size and/or its variation with different parameters like
surfactant concentration, salt concentration, temperature can be obtained by different
experimental approaches. The light scattering experiments provide a direct measurement
of the micellar size in the dilute regime. The C™ value is also directly related to the
volume occupied by a micelle since at this concentration the micelles are in the verge of
overlapping. In the semi-dilute regime, the rheological measurements provide an indirect

test of the micellar growth.
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In the dilute regime, the micellar growth induced by an increase of concentration
is revealed by the increase of the radius of gyration Rg = 5\/5 shown in Fig.8. A least

square fit to the data of Fig. 8 in the dilute regime yields a slope of ~0.8, that is a much
larger value than the predictions of EQ.(4). This means that the classica mean field, or
scaling models of micellar growth do not describe adequately the data. Thisis confirmed
by the very large polydispersity observed both in static and dynamic light scattering. The
exponentia distribution of micellar lengths given in Eq.(1) yields a polydispersity index
Lw/Ln=2where Ly and Ly are the weight and number averages of micellar lengths
respectively. The variance for flexible chains with such a polydispersity index would be
of the order of 0.2 ¥ Moreover the correlation functions of scattered field obtained at
low angles in the vicinity of C" are clearly bimodal. Such a behaviour has already been
reported for low ionic strength micellar solutions of surfactants with a large scission

energy®>%.

The crossover concentration C is ill defined for polydisperse systems, and it
dlightly depends on the method of measurement. However, it is expected to be rather
sensitive to the micellar structure. If the system contains only linear micelles with an

exponential length distribution, then C* should follow on Arrhenius behaviour with an

activation energy E ., obtained by combining the relationship C ~ L"® derived for

c’

flexible polymeric chainsin good solvent'® with Eq.(2). Thisyields:

E. =028E, (34)

On the opposite, if the rings are dominant, the volume fraction involved a C is
dominated by the contribution of smaller rings®’. In such a case, C* should be only
dlightly sensitive to the temperature as the size of these smaller ringsis only controlled by
the persistence length that decreases weakly upon increasing temperature. The data of
Fig.4 yields E_. = (6.6 £ 2) kgT for the sample with 400 mM KCI. By using Eq.(34) one
obtains Egiss = (23 £ 6) kgT, that is a value comparable within the experimental accuracy
to those previously obtained in other systems and that inferred from the present
rheological measurements, as discussed later. This result indicates then that the linear

micelles population is dominant in the dilute range.
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The effect of the salt concentration is more complex. On lowering the salt
concentration, the scission energy is expected to decrease, whereas one observesin Fig.4

an increase of E_.. Two effects can explain this behaviour. First, the scission energy is

expected to increase with the ionic strength leading to longer micelles. At low ionic
strength, the micelle contour length might not be much larger than the persistence length,
and the radius of gyration of the micelle would be that of a semi-rigid polymer, given by

Eq.(3). As a consequence the variation of C~ with temperature associated with that of the

contour length would be increased. In the rigid rod limit C* ~ L. It must also be noted
that at very low ionic strength, the EHAC surfactant forms spherical micelles®. A
second effect that might be relevant is the fact, discussed later on, in this paper, that the
parameter actually measured in these experiments is the enthalpic part of the scission
energy that might be quite sensitive to the ionic strength.

In the semi-dilute regime, the light scattering experiments suggest that the system
consists of entangled linear micelles since the variations of ¢ and of I4-o follow power
laws of the concentration & ~ C %% and I=o ~C 2 in reasonable agreement with the
prediction for entangled polymer solutions™. In this regime, the micelles should grow
with the surfactant concentration, according to the mean field or scaling models (Egs.2 to
5). This growth can be proved through the analysis of the variation of the zero-shear
viscosity with surfactant concentration.

The best least square fits to the data of Fig.3 give the following values for the
slopes: 3.1 for T=15°C,3.3a T=25°Cand 3.5a T = 40°C.

These values are in good agreement with the theoretical predictions for the power
laws of the zero-shear viscosity with the surfactant concentration (cf. Egs.24-25). The
downward curvature observed at higher concentration has been observed in many other
systems and often explained by the formation of branched micelles. The presence of such
branched micelles has been revealed by recent Cryo-TEM experiments performed in
solutions of the same surfactant at a concentration of 79mM and for salt concentrations
Cs>66.6mM *.

The main information given by the results of this paragraph is that below C’, the
micellar growth does not follow the prediction of the mean field or scaling models, and
exhibit a very large size polydispersity specialy close to C'. Above C the scaling
behaviour characteristic of entangled linear micelles, already observed for other systems

at high ionic strength, is observed. The temperature dependence of C" seems to indicate
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that the linear chains population is dominant in the dilute regime and that the possible
presence of large micellar aggregates with a different topology do not produce a
significant effect on the measurement of this parameter. On the other hand, such
aggregates would contribute significantly to the scattering at low q.

Severd light scattering experiments recently performed on low ionic strength
micellar solutions of surfactants with a large scission energy gave evidence for a
multimodal population of micellar aggregates below C° **2 This behaviour was
qualitatively explained by assuming the presence in these systems of a broad distribution
of interlinked micellar rings in equilibrium with linear chains or of microgels of
multiconnected micelles®**°. Those systems exhibit a strong shear thickening effect in the
vicinity of C". A ring driven mechanism was proposed®. This model can account for the
experimental observations whereas the previous models based on a linear micelle

structure failed.

b) Scission energy

The determination of the scission energy is a non trivial problem, and only few
measurements were reported up to now?3*°4“% The reported values of Egjss range
from 20 kgT to 70 kgT. As the micellar length is an exponentia function of the scission

energy (cf. Eq.(2)), very large values of Eg;s lead to unredlistic values of the micellar

contour length L.Asan example, a micelle with Egis = 65 kgT would be ~10° times
longer than amicelle with Egiss = 25 kgT. Accordingly the ratio beween the C” of the two
systems would be 10’. To explain the above inconsistency, it was suggested that the free
energy of scission could contain a large entropic term, possibly associated with the
rearrangement of counterions upon formation of an end-cap***. The scission free energy

is then written:

Esiss = Hsiss— T Sxiss

where Hgiss and Syiss represent the enthalpic and entropic parts respectively of the

scisson free energy. Arrhenius plots would only measure Hgiss, Whereas when

calculating micellar lengths, alarge positive Syiss, may still lead to reasonable val ues.
The method first used to determine Hgjss cONsisted in measuring separately 7, in

the dilute regime by means of T-Jump experiments and the termina relaxation time Tgin
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the semi-dilute regime and applying Eq.(18) %. This method is reliable as both T-Jump
and rheologica date are accurate. However the T-Jump devices do not allow to measure
breaking times longer than ~10 s *>*°. Attempts performed on the systems investigated
here showed that 7, was longer than this upper limit, in agreement with the results
obtained from the analysis of the viscoelastic spectra. Alternatively, Hgiss Can be
determined by combining the temperature dependences of the breaking time and of the
terminal relaxation time obtained both from the viscoelastic spectra, through the
procedure described p.91 and in ref.29. This method leads to |ess accurate values of Hgjss
because of a larger uncertainty (x 20% on the average) on the 7, measurements. The

semi-log plot of 7, versus 10%/T is shown in Fig.15. In that range of temperature the ratio
oYy E was found to vary by less than 2%. From the slope of the best linear fit to the data,

one obtains an activation energy for %, Ep = (24.5 + 4.5) kgT. By combining the values of
Er, obtained from the temperature dependence of the terminal time (cf. Fig.14), of E, and
of E, (6.6ksT), one can determine Hyissthrough Eq.(18).

3.15 3.2 ' 313 ' 34 ' 3.5
1000/T (K™

Figure 15: Arrhenius plot of the breaking time 7, versus 10%/T for a 14.4mM EHAC
solution with 400 mM KClI.
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One obtains

A priori, the most direct and accurate method to determine Hgiss Should be
through the analysis of the dip occurring in the high frequency part of the Cole-Cole

representation, since G, /G, is simply related to L . Equation (13) has been commonly
used to analyze the data. In particular, it was found that G, /G,scaes with the
surfactant concentration with the expected exponent “9. Furthermore, reasonable

estimates of the contour length L were obtained from Eq.(13) *3*°°. However, as
mentioned earlier, this expression has been calculated numerically by assuming o, ~ 7.
If the latter assumption is correct, then ax, should depend on the temperature only through
the variation of 7, that is of 7s. Fig.16 which shows in a semi-log representation the

variation of @, with 10%T, gives E, = (16.8 £ 3.3) kgT, that is a much larger value
thanE, . The Granek’s prediction concerning the dip gives a slightly different scaling of

G, /G, with (L/¢,) (cf. Eq.(15)).

@ EI T T
E 3
£
3 14 E E i
[}
°
_o'x -
= -
g -
o L
0.1—_ * - .
| | ] ]
0.05 T : T . T :
3.15 3.2 3.3 3.4 3.5

1000/T (K™

Figure 16: Semi-log variations of G in/G .. (m) and @, (e) as a function of 10*/T for a
14.4mM EHAC solution with 400 mM KCl.
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Using this equation one obtains from the variation of G/, /G,with 10%T (cf.
Fig.16)

The analysis of the temperature dependence of am by using Eq.(16) leadsto :
Hew= 2(E, —E, ) = (255 7.5) keT
sciss — E( oy ,75) —( 55+ .5) kB

The three methods of determination of Hg;ss give concordant results, within the
experimental accuracy. Examination of the results reported in the literature for Hggss Show
that large scission enthalpies are generally obtained for low ionic strength systems*3204",
Also, highly binding counterions like saycilate seem to increase Hsiss >*4*. Highly
screened systems with moderately binding counterions, like the one studied here are
characterized by much lower values®. This suggests that in that case the entropy of
scission is weak and the enthalpy of scission is close to the end-cap free energy. The
average micellar length of a surfactant with an end-cap free energy of 25 kgT at avolume
fraction @ = 10 can be estimated from the classical mean field model*>* to areasonable

value of the order of 1 um.

Conclusion

The results reported in this paper bring new information on the micellar growth induced
by an increase of surfactant concentration and on the viscoelastic behaviour of wormlike
micellar systems. In particular, it is the first time to our knowledge that a quantitative
comparison between the experimentally measured concentration dependence of the radius
of gyration of the micelles with the mean field and scaling models derived for linear
micelles is reported. It is found that the increase of the radius of gyration with surfactant
concentration in the dilute regime is much larger than that theoretically expected. Also
the distribution of micellar sizes, as probed by static and dynamic light scattering is much
broader than the exponential distribution predicted by the mean field model.

The above observation was aso made for several low ionic strength systems. In

that case, the multimodal character of the micellar aggregates population was much more
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visible®*2, These results, together with strong shear thickening effects observed for these
systems led the authors to consider the possibility of the presence of micellar ringsthat is
predicted by the theory®¥40%,

These rings should also be present in the dilute solution of highly screened
micelles. Some results of T-Jump studies were satisfactorily interpreted by assuming the
law of micellar growth given by Eq.(2), inferred from statistical thermodynamics
arguments®>*. Such a law is not obeyed for the surfactant investigated here. It must be
noted that the light scattering is a very sensitive technique to detect the presence, even in
small amount of large aggregates.

The second issue addressed in this paper concerns the determination of the
enthalpic part of the scission energy, in the semi-dilute regime, through rheological
experiments. For the first time, all the features of the complex shear modulus spectrum,
including the Rouse modes were used, thus providing three independent methods of

measurement of the scission energy.
Acknowledgments

The authors thank J. Selb, N. Benoit (ICS) and C. Oelschlaeger (LDFC) for their help in

light scattering experiments.

112



References

D

)
©)
(4)
(®)

(6)
()
8

)
(10)

(11)

(12)
(13)

(14)

(15

(16)

See for instance Cates, M.E.; Candau, S.J., J. Phys.. Condens. Matter 1990, 2,
6869.

See for instance Rehage, H.; Hoffmann, H. Mol. Phys. 1991,74, 933.
Buhler, E.; Munch, J.P.; Candau, S.J. J. Phys. Il 1995, 5, 765.
Candau, S.J,; Hirsch, E.; Zana, R. J. Phys. (Paris) 1984, 45, 1263.

Candau, S.J,; Hirsch, E.; Zana, R. In Physics of Complex and Supramolecular
Fluids, Eds.: Safran, S.A; Clark, N.A.; Wiley, New York, N.Y. 1987, p.509.

Cates, M.E. J. Phys (Paris). 1988, 49, 1593.
Cates, M.E. Macromolecules 1987, 20, 2289.

Lu, B.; Zheng, Y .; Davis, H.T.; Scriven, L.E.; Tamon, Y .; Zakin, J.L. Rheol. Acta
1998, 37, 528.

Zakin, J.L.; Bewersdorff, H.W. Rev. Chem. Eng. 1998, 14, 253.
Maitland, G.C. Curr. Opin. Colloid Interface Sci. 2000, 5, 301.

Sullivan P.F.; Huang H.; Nelson E.; The Society of Rheology, Paper SM43, 75th
Annua Mesting, Oct 2003.

Maitland, G.C. Curr. Opin. Colloid Interface Sci. 2000, 5, 301.
Raghavan, S.R.; Kaler, E. Langmuir 2001, 17, 300.

Qu Q., Nelson E., Willberg D., Samuel M., Lee J., Chang F., Card R., Vinod P.,
Brown J, Thomas R.; In Compositions Containing Aqueous Viscosifying
Surfactants and Methods for Applying Such Compositions in Subterranean
Formations, US patent US 6,435,277, 20/08/2002.

Israglachvili, J.; Mitchell, D.J.; Ninham, B.W. J. Chem. Soc. Faraday Trans. 2
1976, 72, 1525.

Benoit, H.; Doty, P. J. Phys. Chem. 1953, 57, 958.

113



(17)

(18)

(19)

(20)
(21)
(22)
(23)
(24)

(25)

(26)

(27)

(28)
(29)
(30)

(31

(32

(33)

In, M.; Aguerre-Chariol, O.; Zana, R. J. Phys. Chem. 1999, 103, 7747.

Bernheim-Groswasser, A.; Zana, R.; Thalmon, Y. J. Phys. Chem. B 2000, 104,
4005.

De Gennes, P.G. Scaling concepts in polymer physics; Cornell University Press:
Ithaca, NY, 1979.

Turner, M.S,; Cates, M.E. J. Phys. France. 1990, 51, 307.
Cates, M.E.; Turner, M.S. Europhys. Lett. 1990, 7, 681.
Turner, M.S,; Cates, M.E. Langmuir 1991, 7, 1590.
Granek, R.; Cates, M.E. J. Chem. Phys. 1992, 96, 4758.
Granek, R. Langmuir 1994, 10, 1627.

Candau, S.J.; Merikhi, F.; Waton, G.; Lemaréchal, P. J. Phys. France 1990, 51,
977.

Adam. M.; Delsanti. M. J. Phys. (Paris) 1985, 44, 1760.

Oda, R.; Narayanan, J.; Hassan, P.A.; Manohar, C.; Sdkar, RA.; Kern, F,;
Candau, S.J. Langmuir 1998, 14, 4364.

Kern, F.; Lemaréchal, P.; Candau, S.J.; Cates, M.E. Langmuir 1992, 8, 437.
Faetibold, E.; Waton, G. Langmuir. 1995, 11, 1972.
Kern, F.; Lequeux, F.; Zana, R.; Candau, S.J. Langmuir 1994, 10, 1714.

Candau, S.J.; Lequeux, F. in Sructure and Flow in Surfactant Solutions, Eds.:
Craig A. Herb; Robert, K.; ACS Symposium Series 578; American Chemical
Society: Washington, DC 1994, Chap.3.

Hoffmann, H., Herb C., Prud’homme R.; In Sructure and Flow in Surfactant
Solutions; Eds.: Holland, P.M.; Rubing, D.N.; ACS Symposium Series 578;
American Chemical Society: Washington DC, 1994, Chap.1.

Candau, S.J.; Oda, R. Colloids and Surfaces A: Physicochem. Eng. Aspects 2001,
5, 183.

114



(34)

(35

(36)
(37)
(38)
(39)

(40)

(41)
(42)
(43)
(44)
(45)

(46)

(47)

(49)
(49)

(50)

Berret, J.F.; Roux D.C.; Porte, G. J. Phys. || France 1994, 4, 1261.

Croce, V.; Cosgrove, T.; Maitland, G.; Hughes, T.; Karlsson, G. Langmuir 2003,
19, 8536.

Hughes, T. Private communication.

Provencher, SW. Makromol. Chem. 1985, 82, 632.

Brown, J.C.; Pusey P.; Dietz R. J. Chem. Phys. 1975, 62, 1136.

Oelschlaeger, C.; Waton, G.; Candau, S.J.; Cates, M.E. Langmuir 2002, 18, 7265.

Oelschlaeger, C.; Waton, G. ; Buhler, E.; Candau, S.J; Cates, M.E. Langmuir
2002, 18, 3076.

Weber, V.; Narayanan, T.; Mendes, E.; Schosseler, F. Langmuir 2003, 19, 992.
Truong, M.T.; Walker, L.M. Langmuir 2002, 18, 2024.

Cates, M.; Candau, S.J. Europhys. Lett. 2001, 55, 887.

Kern, F.; Zana, R.; Candau, S.J. Langmuir 1991, 7, 1344.

Oelschlaeger, Cl.; Waton, G.; Candau S.J. Langmuir , 2003.

Hassan, P. ; Vaaulikar, B.S. ; Manohar, C. ; Kern, F. ; Candau, S.J. Langmuir
1996, 12, 4350.

Oda, R.; Narayanan, J.; Hassan, P.; Manohar, C.; Salkar, R.A.; Kern, F.; Candau,
S.J. Langmuir 1998, 16, 4364.

Soltero, J.F.A.; Puig, JE. Langmuir 1996, 12, 2654.
Berret, J.F.; Appell, J.; Porte, G. Langmuir 1993, 9, 2851.

Mukerjee, P. J. Phys. Chem. 1972, 76, 565.

115



Chapter |11

SYNERGISTIC EFFECTSIN 0.4M KCI SOLUTIONS OF
HYDROPHOBICALLY MODIFIED
HYDROXYPROPYL GUAR/

ERUCYL BIS(HYDROXYETHYL)METHYLAMMONIUM
CHLORIDE MIXTURES



INTRODUCTION

In this chapter, we investigate the linear and non linear rheologica properties of agueous
solutions containing both wormlike micelles and associating polymer molecules. The
polymer sample was a hydroxypropyl guar modified with a C,, n-akyl chain (hm-HPG),
supplied by Lamberti S.P.A. It is obtained by derivatisation of the guar gum, a natural
polyssacharide that is extracted from the seeds / ground endosperm of the guar plant
Cyamopsis tetragonolobus'. It is composed of a linear chain of D-mannose residues
bonded together by (1— 4)- B- glycosidic linkages, with D-galactosyl units randomly
attached via (1— 6)- a- glycosidic linkages along the backbone (Fig.1). The ratio of
mannose to galactose units has been shown to be around 1.6:1 to 1.8:1 2. Guar exhibits
one of the highest molecular weights of al naturally occurring biopolymers and is
therefore used as a viscosifying agent in various industrial areas, including oil recovery,
paints, pharmaceutical's, cosmetics, and food.

D-galactose

D-mannose

R=H for guar gum
R= C3HOH for HPG
R= CgHe-O-CHz-CHOH-C(n.z)HZn for hm-HPG

Figure 1: Structure of Guar and guar derivatives
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Treatment of guar with propylene oxide in an alkaline medium results in the formation of
hydroxypropyl guar (HPG), which is more soluble in water than native guar. It is the
most widely available derivative of natural guar. The various degrees of molar
substitution (DS) measure the average number of moles of hydroxypropyl groups
substituted per mole of anhydrous sugar units. The hydrophobicaly modified
hydroxypropyl guar (hm-HPG) is obtained by reaction of HPG with Cpp n-alkyl
epoxides (Fig.2).

O OH

OH
R-OH + CHZ'CH'C(n_z)Hzn —> R'O'CH'C(n-Z)HZH

Figure 2: Synthesis of hm-HPG

The surfactant used was the erucyl bis-(hydroxyethyl)methylammonium chloride
(EHAC), studied in the previous chapter.

Both the hm-HPG** and the EHAC>® surfactant were found to be efficient thickeners and
fracturing fluids™™®. The rheologica behaviour of solutions of hm-HPG has been
investigated by the group of Moan at T=25°C in the concentration range 0.01% and 1.5%
(wt/wt)*. In the present study, we have considered solutions in the presence of 0.4M KCl
at concentrations between 0.001% and 3% (wt/wt) and in the temperature range 25°C-
80°C. It must be stressed that fracturing fluid applications are used at quite high
temperatures™®.

Some differences can be observed when comparing the study of the Moan’'s group and
ours. For instance the linear viscoelastic response obtained in the present work (Fig.3)
appears to be better defined than that reported in literature where the G (w) and G () are

quite smeared.
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Figure 3: Sorage (G') and loss (G'’) moduli as a function of frequency at 25°C for a
solution of 0.35wt% hm-HPG and 3wt% KCI.

We observed a behaviour characteristic of entangled systems, with a crossing of the G ()
and G (o) curves and a plateau modulus G, at high frequencies. The relaxation time T
and the plateau modulus G, have been determined from the crossing point of the curves
G (o) and G (), according to @exTr =1 and Go= 2 G (@ha) = 2 G (@)

Aubry and Moan also reported that the response of the system to a shear stress was found
to be time and history dependent. So, these authors established a protocol which
consisted in preshearing at rather high shear stresses the sample during times of the order
of 10 mins, in order to ensure the reproducibility of the results. In our system, we did not
find it necessary to use any preshearing method and we obtained a good reproducibility,
provided that the equilibrium time was respected.

Figure 4 shows a typical response of the shear viscosity as a function of time during the

start-up of a shear flow. The applied shear rateis 0.5 s*.
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Figure 4. Transient shear viscosity 7 as a function of time for a 0.45 wt% hm-HPG

solution with an imposed shear rate of 7 =0.5s* (7T, <<1), at T=25°C.

It can be observed that the time of equilibrium is quite long, of the order of 250 s for the
example shown in Fig.4.

The transient response curves of the shear viscosity as a function of time, with an
imposed shear rate in the vicinity of 77 the crossover between the Newtonian plateau and
the shear-thinning regime, is characterized by a large initial peak followed after some
time by the steady-state value of the shear viscosity (Fig.5).

The importance of taking care in getting the equilibrium is illustrated in Fig.6 for a hm-
HPG solution at C=0.45wt% and T=25°C. This Figure shows the comparison between
the flow curves obtained under equilibrium and non equilibrium conditions.

In our study, al the experiments have been performed after waiting 200 s up to 1000 s,
depending on the sample composition for each data point until the equilibrium is reached.
The presence of salt in the systems investigated in our study might be at the origin of the
differences between our results and those of Aubry and Moan® concerning the shape of

the viscoel astic spectra and the protocol used in the non linear rheological experiments.
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Figure 5: Transient shear viscosity 77 as a function of time for a 0.45 wt% hm-HPG

solution with an imposed shear rateof 7 =1s" (7T, ~1), at T=25°C.
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Figure 6: Comparison of the flow curves obtained for a 0.45wt% hm-HPG solution at

25°C under equilibrium (o) and non equilibrium (m) conditions.
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Still and as discussed later, the overall behaviour of the measured rheological parameters
with temperature and concentration was found to be qualitatively and in some cases
quantitatively the same for the two sets of experiments.

The rheological properties of EHAC solutions have been described in the previous
chapter. The linear viscoelasticity of these systems is quasi-Maxwellian. Figure 7
represents the circular frequency dependence of the complex shear modulus for a 3wt%
(400mM) KCI aqueous solution at the concentration C=0.6wt% (14.4mM).

101 . . . . —
© E ]
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o 1073
= ' ;
a
O 10°%: 3
. ]
3 o 3
10-5 I I ' I T T
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Figure 7: Variations of G’ and G” as a function of the angular frequency for a 14.4mM
EHAC solution with 400mM KCL at T = 25°C. The lines are the fits to the Maxwell
model.

In the following paper, we address issues concerning the linear and non linear rheological
properties of mixtures of the hm-HPG and the EHAC surfactant defined above, from both
fundamental and applied points of view. Additional experimental results that do not
figure in the paper will be presented in the Appendix | (Effect of temperature on the zero
shear viscosity of HPG and hm-HPG solutions), Appendix Il (Non linear rheologica
properties of hm-HPG solutions), and Appendix Il (Rheological properties of hm-
HPG/EHAC mixtures).

124



REFERENCES

D

e

©)
(4)
©)

(6)
()
(8)

9)

(10)

Hydrogels, Elastic Latex and Resines, Ed.: Wilson, H.D.; Plants and People-
Botany, 1997, p.328

Caritey, J.-P. Relation entre la modification chimique de precurseurs hydrophiles
d'origine naturelle et leurs propriétés en solution diluée et semi-dilué, These
Université de Rouen, 1994.

Aubry, T.; Moan, M. J. Rheol. 1994, 38, 1681.

Aubry, T.; Moan, M. J. Rheol. 1996, 40, 441.

Croce, V.; Cosgrove, T.; Maitland, G.; Hughes, T.; Karlsson, G. Langmuir
2003, 19, 8536.

Raghavan, SR.; Kaler, E. Langmuir 2001, 17, 300.

Raghavan, SR.; Edlund, H.; Kaler. E. Langmuir 2002, 18, 1056.

Schubert, B.A.; Wagner, N.J.; Kaler, E. Langmuir 2004, 20, 3564

Sullivan P.F.; Huang H.; Nelson E.; The Society of Rheology, Paper SM43, 75th
Annual Meeting, Oct 2003.
Maitland, G.C. Curr. Opin. Colloid Interface Sci. 2000, 5, 301.

125



SYNERGISTIC EFFECTSIN AQUEOUS SOLUTIONS OF
MIXED WORMLIKE MICELLESAND
HYDROPHOBICALLY MODIFIED POLYMERS

PUBLICATION 2

(Macromol ecul es,2005,38,5271-5282)

127



SYNERGISTIC EFFECTSIN AQUEOUS SOLUTIONS OF
MIXED WORMLIKE MICELLESAND
HYDROPHOBICALLY MODIFIED POLYMERS

Isabelle Couillet, Trevor Hughes, Geoffrey Maitland, Francoise Candau

ABSTRACT:

The linear and non linear rheological properties of a hydrophobically modified guar (hm-
HPG) and a surfactant forming wormlike  micelles, erucyl bis
(hydroxyethyl)methylammonium chloride, have been investigated in 0.4M KCI agueous
solution. The comparison between the zero-shear viscosity behaviours of the non-
modified guar and the hm-HPG shows a decrease of the intermolecular associations upon
increasing the temperature. Significant synergistic effects were observed between the
modified polymer and the wormlike micelles in arange of concentrations extending from
0.1wt% to 1 wt% and for temperatures up to 60°C. The optimal synergy for the zero-
shear viscosity is obtained for mixtures with an overall concentration = 0.35wt% and a
surfactant/polymer ratio equal to 1/4 (wt/wt). The termina time of the stress relaxation,
the zero-shear viscosity as well as the viscosity at a shear rate of 100 s and the lifetime
of the associations show a maximum at this composition. The experimental observations
suggest the formation of very efficient crosslinks between the wormlike micelles and the

polymer chains.
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I ntroduction

Water-soluble hydrophobically modified polysaccharide derivatives are
commonly used as thickening and rheology-control agents in agueous systems.** The
specific rheologica behaviour of such polymeric systems arises from their ability to give
rise to weak intra- and inter-molecular interactions between the hydrophobic groups
distributed along the polymer chains. In the semi dilute entangled regime, which is the
domain of interest for most industria applications, the hydrophobic moieties build up a
transitory tridimensional network interpenetrated with the entanglement network. This
microstructure leads to a slowing down of the polymer diffusion and to an increase in the
zero-shear viscosity when compared to the analogues without the hydrophobes.>® A
model based on a sticky reptation process of the polymer chains has been proposed to

describe the viscoel astic properties of these systems.****

Aqueous solutions of guar and its derivatives are the most widely used hydraulic
fracturing fluids for the hydrocarbon recovery from subterranean formations, mainly for
economical reasons.>**** The main functions of hydraulic fracturing fluids are to initiate
and propagate the fracture and to transport the proppant along the length of the fracture.
However, polymer-based fracturing fluids present the disadvantage of at least partialy
clogging the pore space in the fracture, so that the fracture is not optimally cleaned up.
Recently, a new class of fracturing fluids based on viscoelastic surfactants forming
wormlike micelles has been developed.***® During backflow, as the surfactant gel comes
into contact with the produced hydrocarbons, the wormlike micelles break down forming
spherical micelles, resulting in a low viscosity fluid which is more easily removed from
the pore space in the propped fracture. Cationic surfactants with long mono-unsaturated
tails (C) have been shown to be efficient fracturing fluids."’ In particular, aqueous
solutions of erucyl bis (hydroxyethyl) methyl ammonium chloride (EHAC) exhibit

appropriate viscosities up to high temperatures (80°C).#%

In view of the above, it seemed appealing to investigate the rheological behaviour

of mixed surfactant/polymer aqueous solutions and particularly mixed viscoelastic
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surfactant/hydrophobically modified polymer (HMWSP) aqueous solutions. Many
studies on the interactions between surfactants and HMWSP have been reported.?%*
They generaly concern systems in which the surfactant concentration is close to the
critical micellar concentration (CMC). Under these conditions, one observes an
enhancement of the zero-shear viscosity due either to the formation of additional mixed
plurifunctional aggregates or to an increase in the lifetime of the pre-existing crosslinks
resulting from surfactant binding.***>** To our knowledge, only one study has been
reported which investigates the rheologica properties of mixtures of wormlike micelles
and hydrophobically modified polymer; specifically, this study focussed on mixtures of
cetyl trimethylammonium bromide (CTAB) and hm-hydroxyethylcellulose (with Cie

hydrophobic substitution) in the presence of KBr.*®

In the first part of this paper, we report a comparison of the flow behaviour of
hydroxypropyl guar (HPG) and its hydrophobically modified analogue (hm-HPG). A
rheological study on these polymers under salt-free conditions and at T=25°C has been
previously reported.” In the present study, we have investigated the same systems in the
presence of salt and at various temperatures. These conditions are of primary importance
for applications, mainly in oil recovery processes. Concerning the effect of temperature,
only a limited number of studies have been performed, with contradictory conclusions.
Some authors claim that an increase in temperature favours hydrophobic interactions® =2
while the reverse is suggested by others**“°. In fact, the effect of temperature might be

strongly dependent on the nature of the polymer and of the quality of the diluent.

In the second part of the paper, we report a study on the synergistic effects
occurring in the viscoelastic behaviour of mixtures of 0.4M KCIl aqueous solutions
containing EHAC surfactant and hm-HPG polymer in a concentration domain from
0.01wt% to 2.5wt% and in a temperature range from 25°C to 80°C. The micellar growth

and the viscoel astic properties of EHAC surfactant were described in a recent paper.?
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Experimental Section

Materials:

The HPG and hm-HPG polymers investigated here have been supplied by Fratelli
Lamberti s.p.a. (Albizzate-1taly). The HPG sample is hydroxypropyl guar containing an
average of one hydrophilic substituent (hydroxypropyl group) per monomer.
Measurements by Caritey on the average molecular weight of the HPG sample lead to:
M, = 1.8 x 10° g/mol, that is an average degree of polymerisation of about 3000, with a
polydispersity index of about 1.55.%2 As its native polymer, guar gum, hydroxypropyl
guar is expected to be a dightly stiffened, random-coil polymer. The hydrophobically
modified hydroxypropyl guar, hm-HPG, is obtained by reaction of the HPG with a Cx, n-
alkyl epoxide. The number of hydrophobic substituents per individual polymer chain is
expected to be 10. The measurement of the mean molecular weight and the polydispersity
of associating systems like hm-HPG is difficult and it is assumed that the hydrophobic
modification of HPG does not produce chain degradation.*? The purity index is 95% (by-
products. propylene glycol, ethylene glycol, sodium acetate, open form of epoxide
alkane).

The erucyl bis-(hydroxyethyl)methylammonium chloride (EHAC) is a Cy
surfactant with a cis unsaturation at the 13-carbon position. Its chemica structure is
shown below. It is supplied by Akzo Nobel, Chemicals, LLC, USA. It isused in the form
of aliquid blend of the quaternary ammonium salt with 25wt% isopropanol (IPA). Upon
dilution, the ratio IPA/EHAC is maintained constant. The concentrations of the EHAC
samples reported in the text correspond to the active surfactant (i.e. after correction of the
25wt% IPA added in the blend).

B H H B
CH 2—CH »—OH
c=c B
CH 3~(CH 9)7 (CH2)11-CH 2>-N-CH 3
CH »—CH 2-OH
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Potassium chloride was supplied from Aldrich.
Solutions containing surfactant and salt were prepared using deionised water. The

concentration of polymer or surfactant will be expressed in wt%.

M ethods:

Rheological experiments were performed with a Bohlin CVO rheometer. Steady
state measurements were done under controlled stress or controlled rate depending on the
sample viscosity, using the cup and bob geometry (coaxial cup, 25mm diameter bob) or a
double gap cdl (inner diameter 40mm, outer diameter 50mm). The shear rate was varied
between 102 s* and 2000 s*. The response of the shear viscosity as a function of time
during the start up of a shear flow is characterised by arather long equilibrium time, from
200s up to 1000s, depending on the sample composition. A good reproducibility of the
non linear rheological results was obtained without having to use a pre-shearing
protocol.’> Dynamic rheological experiments were carried out with the same rheometer
using the coaxia cup cell. The frequency was varied between 10° Hz and 5 Hz under a
maximum shear stress of 1 Pa. The frequency spectra were conducted in the linear
viscoelastic regime of the samples, as determined previously by dynamic stress sweep
measurements. The cell was heated by a reservoir of fluid circulating from a high
temperature bath. A metallic cover was placed on the top of the sample to minimize
sample evaporation. The sample was equilibrated for at least 15 min. at each temperature
prior to conducting experiments. Both steady and dynamic rheological experiments were
performed at different temperatures.

132



Results

Comparison of the Flow Rheology of Hydrophobically Modified and unmodified
Hydroxypopy! Guars.

Figure 1. shows typical variations of the steady-state values of the relative
viscosity n/ns where s is the solvent viscosity, as a function of the shear rate y for a
HPG sample and its hm-HPG homologue at C = 1 wt% and at various temperatures
ranging from 25° C to 80° C. The relative zero-shear viscosity of the HPG solution,
determined from the Newtonian plateau, is found to decrease significantly as the
temperature is increased (Fig.1la). Moreover, the crossover between the Newtonian
plateau and the shear-thinning regime is shifted to higher values of . This indicates a
speeding up of the dynamics of the system since the inverse of the shear rate at the
Crossover, ;7‘1, can be roughly identified with the terminal time T, of the stress
relaxation. At high shear rates, the representative curves of [7/7.](y) cross each other,
so that the high shear value of the relative viscosity increases with temperature, that is the
opposite behaviour of that of the zero-shear viscosity. The overal behaviour described
above was observed over the concentration range investigated in this study (0.1wt% up to
3wt%).

The same effects are observed for solutions of the modified hm-HPG polymers, as
shown in the example of Fig.1b. In that case, the decrease of the zero-shear viscosity as
the temperature is increased is much more pronounced. The [7/7,]() curves also cross
each other in the same range of 7 as for the unmodified polymer of similar
concentration.

The effect of the polymer modification on the flow behaviour is shown by
comparing the data of Figs 1a and 1b respectively. The effect is that previously reported
for systems in the entangled state.>®*! In particular, the zero-shear viscosity is larger for
the modified samples and the shear-thinning regime is shifted to lower values of 7. This
behaviour is well taken into account by the sticky reptation model meant for entangled

networks made up of linear chains with many temporary crosslinks.'>** In this model, the
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chain motion, governed by the reptation hindered by the hydrophobic interactions, is

controlled by the concentration and the lifetime of the tie- points.
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Figure 1. Relative steady-state viscosity versus shear rate for HPG (a) and hm-HPG (b)

solutions at C=1wt%, in the presence of 0.4M KCL, at various temperatures. The lines

drawn through the data are guides for the eye.
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Previously reported rheological experiments, carried out with a stress-controlled
rheometer on the same systems reveaded the presence of a discontinuity in the flow

curves of the modified hm-HPG, occurring at a critical shear stress, o, which increased

with the polymer concentration.® This discontinuity was attributed to a breaking of the
temporary hydrophobically associating network. Beyond the discontinuity, the flow
curves of the modified and unmodified polymers were found to coincide.

Typicd variations of the steady-state shear viscosity versus shear stress, obtained
in the present study, are represented in Fig.2. For the modified polymers, three regimes
can be identified in the variation of the viscosity versus shear stress. At low shear stress,

one observes the Newtonian plateau, followed by a shear-thinning regime beyond a shear
stress 6 = 17,T, ~ Where T, represents the longest time of the stress relaxation and 1 the

Newtonian viscosity. The sharp viscosity drop, occurring at higher shear stress, defines

the critical shear stress o.. The shear rate 7., measured just before the sharp drop is,

according to Aubry and Moan, the inverse of the lifetime of the associations.” An
alternative representation is given in plotting the shear stress versus the shear rate, as
illustrated in Fig.3, which shows the results obtained for 1wt% solution of hm-HPG at

different temperatures. The determination of the shear rate at the crossovers between the
different regimes provide estimates of ;7=TR‘l and y.. The latter corresponds to the

onset of the high shear plateau. It can be observed in Fig.3 that the critical shear stressis

roughly independent of temperature at C=1wt%, whereas j_ increases with temperature.

The variation of o, with concentration (not shown here) can be fitted at T= 25°C
by apower law o, = C** in agreement with the previous findings of Aubry and Moan in
the salt-free systems: o, ~C> ° As for y_, it is found to decrease slightly upon
increasing concentration (7, ~ 12s* for C=0.35wt% and 7, ~ 3s* for C=1wt% at
T=25°C). It should be noted that, whereas o, can be determined with a good

approximation, 7, is less well defined. As mentioned in the experimental section, the

equilibrium value of the stress upon applying a steady strain is reached after along time.
The transient response curves of the stress are characterised for shear rates in the vicinity
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of 77 by a large overshoot followed by a long relaxation. Such effects were reported for

both wormlike micellar solutions*** and hydrophobically modified polymers>.
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Figure 2. Seady-state shear viscosity versus shear stress for HPG and hm-HPG
solutions in the presence of 0.4M KCI at two different temperatures (a): 25 <C; (b): 40 <C.
1o is the Newtonian viscosity, ¢ is the shear at the onset of shear thinning, o, is the

critical stress.
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Figure 3: Shear stress versus shear rate for a 1wt% hm-HPG solution at various
temperatures. In the Newtonian regime at low shear rates, the data are fitted by a

straight line of slope 1.

It must also be remarked in Fig.1 that, in the whole shear rate range investigated,
the steady-state viscosity of the modified sample remains larger than that of the
unmodified one. This means that one does not reach the very short time scale where one

probes local motions, insensitive to the presence of tie-points.
Figure 4 shows the comparison between the variations of the zero-shear viscosity

versus polymer concentration measured at T= 25°C and T= 60°C for the HPG and hm-

HPG samples respectively.

137



® HPG

N, (Pa.s)
=]

10*
10° O hm-HPG
0 ® HPG
107
B ]
o
& o ]
< 10 3
ey E

10°

1073 1072 10* 10° 10*

C (Wi%)

Figure 4: Variation of the zero-shear viscosity with concentration for solutions of HPG
and hm-HPG in the presence of 0.4M KClI, (a) T=25<C, (b) T=60 <.

For the unmodified polymer, one observes the classical behaviour, with a first break at
the concentration C™ at which the chains start to overlap and a second break at a higher
concentration C. corresponding to the onset of entanglements.*®*® In this respect, it
should be noted that a significant overlap of neighbouring chainsis required in order for

them to constrain each other’s motion. As a consequence, the strand between two
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consecutive entanglements in a chain is composed of a number N of blobs with asize ¢
49%0 Both C”, C, and the exponent ¢ of the asymptotic law obtained for the HPG sample
in the entangled regime were found quite independent of the temperature within the
experimental accuracy. Their values are given in Tablel. The ratio CJ/C' is of the order
of 3.5, that is a smaller value than those obtained for other systems, that range generally
between 5 to 10 *"*®0>! |n fact, there is no theoretical model which allows one to
predict this ratio, which is likely to depend on the nature of the polymer and in particular

on its natural persistence length.

The rheological behaviour of the modified polymers is quite different. The
viscosity of the solution rises steeply beyond a concentration which is of the same order
of magnitude as the crossover concentration C* of the unmodified polymer (Fig.4 and
Table 1). Such a behaviour has already been reported for solutions of hydrophobically
modified polyacrylamides’. In the latter case, clear Rouse regimes were observed and
entanglement onsets could be determined. In the present case, there is no clear evidence

of a Rouse regime in the curves of Fig.4, which display asigmoidal shape.

C (Wt%)

CJC

Polymer Ce (Wt%) o
HPG 0.10 0.35 3.5 4.4
Hm-HPG 0.15 — — —

Table 1: Crossover concentrations, C', C. and exponent ¢ of the scaling law of the zero-
shear viscosity versus concentration in entangled solutions of the modified and

unmodified HPG samples.

Note that experiments performed by Aubry and Moan on the same system at 25°C
showed a behaviour quite similar to that represented in Fig.4, with « = 4.3 for the HPG

polymers.
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Viscodastic Behaviour of EHAC/hm-HPG Mixtures;

We have investigated the rheological behaviour of mixtures with different
compositions. The latter are characterized by the ratio R=Cgpac/(CenactCrm-npc) Where

the concentrations of the components are expressed in wt%.

Figure 5 represents typical frequency dependences of the storage (G) and loss
(G) moduli for a mixture at an overall concentration Cy = 0.35wt% and R=0.43. A
behaviour, characteristic of entangled systems is observed, with a crossing of the G ()
and G (o) curves and a plateau modulus Gy at high frequencies. The relaxation time Tg
and the plateau modulus Gy have been determined from the crossing point of the curves

G () and G (o), according to mnexTr = 1 and Go = 2 G (@hax) = 2 G ()
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Figure 5: Storage (G) and loss (G') moduli as a function of frequency at 25<C for a
solution of 0.2wt% hm-HPG, 0.15wt% EHAC and 3wt% KCI (R=0.43).
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Figure 6 represents the variations of Tr and Gy with the mixture composition, for
samples with an overall concentration Cy = 0.35wt%. The compositions of the mixtures

are the following:

R=0: 0.35wt% hm-HPG

R=0.2: 0.3wt% hm-HPG + 0.075wt% EHAC
R=0.43: 0.2wt% hm-HPG + 0.15wt% EHAC
R=0.69: 0.1wt% hm-HPG + 0.225wt% EHAC
R=1: 0.375 wt% EHAC

T: (s)

G, (Pa)

0 T T T T T T T T T
0 0.2 0.4 0.6 0.8 1

R
Figure 6: Terminal relaxation time, (Tgr), (a) and plateau modulus, (Gy), (b), versus R for

systems with an overall concentration Cy; =~ 0.35wt%.

141



A maximum is observed in the relaxation time and to a lesser extent in the plateau
modulus that is the signature of a pronounced synergy. The comparison between the
plateau moduli of the EHAC and the hm-HPG solutions (R=1 and R=0 respectively) at
about the same concentration shows that the density of the entanglements between the
wormlike micelles is strongly reduced as compared with that of the crosslinks and/or the
entanglements of the associating polymers. Another interesting feature concerns the high
frequency range of the viscoelastic curves, which has never been analyzed before in
associating polymer solutions. The minimum which is observed for G at the circular
frequency @y corresponds to the crossover between the reptation controlled stress
relaxation and the Rouse modes. The position and the normalized amplitude of the dip
have been derived by Granek> and are given by:

G" (a)m)/GO - (fe/E)M5 (1)
o, = ()7, @

where L is the contour length of the chain, ¢ is the entanglement length and 7 the

Rouse time of the entanglement length. The above relations are valid for the regular
polymers and the wormlike micelles, providing that the dip occurs at frequencies much
higher than the inverse of their breaking time. This was found to be the case for EHAC
solutions.® For associating polymers, it can be speculated that Egs.(1) and (2) can be
applied providing that @y is much larger than the inverse of the lifetime of the
associations. Also, it should be kept in mind that the Rouse part of the spectrum may be
modified by the breaking mechanism of the associations.

Table 2 gives the effect of the mixture composition on the values of @y, and
G (m)/Go for systems with an overall concentration Cy =~ 0.35wWt%, a T= 25°C. The
dependence of these parameters on R is rather complex but a clear minimum of both @,
and G (a)/Go is observed for R = 0.2, again suggesting a synergistic effect at this
composition.
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R @ (rad. sY) G (a)/Go
0

2.3 0.33

0.2 0.6 0.16
0.43 1.2 0.29
0.69 1.9 0.17
1 1.1 0.35

Table 2: Effect of the mixture composition on the dip coordinates @y, and G (awn)/Gy for
solutions with overall concentrations Cy = 0.35wt% at 25 <C.

The variations of the zero-shear viscosity of different EAHC/hm-HPG mixtures
versus hm-HPG and EHAC concentrations, at 25°C, are plotted in Figs.7a and 7b
respectively. A net zero-shear viscosity enhancement is observed in both representations
by addition of one component to the other. Synergistic effects are best revealed by the
plots of the zero-shear viscosity versus the total material concentration Cy (Wt%), at
various temperatures (Fig.8). At 25°C, there isa clear synergy for the zero-shear viscosity
in a range of concentrations between 0.07wt% and 1wt% (Fig.8a). As an example, at a
concentration C= 0.37%, for which both EHAC and hm-HPG solutions have the same
viscosity ~ 2Pas, the viscosity of the mixtures is about 5 Pas for R=0.69, 9.2 Pa.s for
R=0.43 and 83 Pas for R=0.2. The synergystic effect can also be expressed in the
following way: to obtain a viscosity of 10 Pa.s, one can use either 0.6% solutions of pure
EHAC or pure hm-HPG or 0.23wt% solutions of mixtures (for instance 0.18wt% of hm-
HPG + 0.05wt% of EHAC). In the high concentration range, al the variations of 7o with
Cw tend to converge and there is no longer synergy. The results obtained at T= 40°C are
quite similar, whereas at 60°C the viscosity enhancement with respect to the hm-HPG
solutions is more limited. Finaly at T= 80°C, mixtures with R < 0.43 exhibit the same
viscosity as the hm-HPG for 0.15% < Cy < ~0.7% whereas at higher concentrations, the
value of the zero-shear viscosity is in between those of the hm-HPG and the EHAC

samples.
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Figure 7: Zero-shear viscosity versus hmHPG (a) and EHAC (b) concentrations for
various compositions of the mixtures at 25C. Also are reported the variations

corresponding to the single hm-HPG and EHAC components respectively.
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Figure 8: Zero-shear viscosity versus overall concentration for various compositions of
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(a) T=25°C; (b) =40°C; (c) T=60°C; (d) T=80°C.

A more illustrative description of this synergistic effect is provided by Fig.9
where the zero-shear viscosity is plotted as a function of the composition R, for various
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temperatures and for systems with an overall concentration Cy = 0.35%, that is about 2.3
timesthe C* of the modified polymer. The maximum which is observed for R= 0.2 at all
temperatures up to 80°C is the signature of the synergy, the latter being more pronounced
at low temperature.
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Figure 9: Zero-shear viscosity versus R at various temperatures, o 25<C, e 40T, A
60T, ¥ 80T, for systems with Cy = 0.35wt%. The lines drawn through the data are
guides for the eye.

Fig. 10 showsthe flow curves obtained for systems with Cy = 0.35%, which isthe
concentration in the optima range with respect to the synergy. This synergy, which

appears in the Newtonian plateau, is aso reflected by the behaviour of ; that
corresponds to the onset of the shear thinning and is of the order of Tg™. In fact, the
values of ;7 observed in the curves of Fig.10 for T= 25°C correspond approximately to

the values of Tr obtained from the linear viscoelasticity measurements and reported in
Fig.6. The only exception concerns the hm-HPG sample for which one observes a

Newtonian plateau much larger than what can be expected from the linear viscoelastic

measurement (;7‘1:0.15 as opposed to Tr = 5s). Significant deviations from the
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relationship 77‘1:TR were aso reported for other hydrophobically modified water
soluble polymers.”*%*3** |n the present case, a close inspection of the flow curve
obtained at T= 25°C for the hm-HPG solution reveals a weak shear-thickening. This
effect which is commonly observed for associating polymers in the vicinity of C' masks

the real onset of shear thinning. »*°>°°
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Figure 10: Variation of the steady shear viscosity as a function of shear rate for different
R values (¥ R=0, A R=0.2, ¢ R=0.43, o R=0.69, ¢ R=1) with Cy=0.35wt% at two
temperatures (a) 25 C, (b) 60 C.
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The variation of 7() for mixtures of different R also shows that the composition
dependent synergistic effects are maintained at least up to  =100s™. Thisisillustrated in
Fig.11 where the viscosity at 7 = 100 s™ is plotted versus R for systems with an overall
concentration Cy = 0.35% and at various temperatures. A maximum is observed for
R=0.2, the amplitude of the maximum being roughly temperature independent. In fact,
the viscosity a 7 = 100 s’ is only weakly temperature dependent, whatever the
composition of the system. For instance, for the system with R= 0.2, the viscosity 71005

drops by afactor of ~ 2 between 25°C and 80°C.
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Figure 11: High shear rate viscosity versus R at various temperatures, o 25<C, e 40T,

A 60C, ¥ 80<C, for systems with Cy = 0.35wt%. The lines drawn through the data are
guides for the eye.

In Fig.12 are reported the same flow curves as those of Fig.10, in the

representation 7= f (o). The behaviour of the blends is more complex than for the

single component EHAC or hm-HPG solutions. The high shear viscosity of mixtures still

exhibits a more or less sharp drop, depending on the composition and the temperature.

148



For systems with awell defined plateau, one can determine the values of both o, and 7, .

The values thus obtained are reported in Table 3.

R T(°C) oc (Pa) yACH)

25 8.5 12
40 7.7 36
60 4 150

0.2 25 25 16
40 35 9
60 5.5 27

0.43 25 5.8 39
40 5.8 70

Table 3: Effect of the mixture composition on the parameters oz and j, for solutionswith
an overall concentration Cy = 0.35wt% at various temperatures. The critical shear stress
o and critical shear rate j, are measured with an accuracy of +/- 10% and +/- 25%

respectively.

Inspection of this Table reveals severa features. First, the decrease of o, upon

increasing temperature for the hm-HPG solutions is much stronger than at higher
concentration (cf. Fig.3). Secondly, whereas the behaviour of o, is rather complex, 7,
presents a pronounced minimum at the composition R= 0.2 corresponding to the optimal
synergistic effect. If, as stated by Aubry and Moan, 7, represents the inverse of the
lifetime of the temporary crosslinks, this means that the lifetime of a EHAC/hm-HPG
mixture with R = 0.2 is much larger (1.6s at 25°C) than that of the pure hm-HPG at the
same concentration (0.08s at 25°C).”
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Figures 12: Variation of the steady shear viscosity as a function of shear stress for
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two temperatures (a) 25 <C, (b) 60 .
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Discussion

Unmodified and M odified Guars:

We discuss first the behaviour of the unmodified polymer. The guar isadlightly stiffened
random coil polymer for which one can use the methods commonly employed in
synthetic polymer studies.>” In particular, the crossover volume fraction ¢ can be written

as

«  SL
= < 3
¢ RGS 3

where & is the section of the chain and Rg the radius of gyration. According to both the
classical Flory's theory and the scaling model developed by de Gennes, the expression of
¢ for aflexible chain with N monomeric units of size a and a persistence length |, in

good solvent conditions, is given by:*°
¢* - SCI p3/5V0—3/5L—4/5 (4)
¢* - a5/5| p3/5\/0—3/5N -4/5 (5)

where v is the excluded volume parameter.

In the semi dilute regime, C > C', the solution can be viewed as a melt of blobs
whose size is the correlation length & which, according to the scaling model of de

Gennesis given by:*°

é: ~ a.3/2| p1/4\/0—1/4¢—3/4 (6)
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Based on the static picture outlined above, a dynamical scaling model has been
proposed. In the entangled regime, the dynamical properties depend on the spatial scale.
For length scales shorter than the correlation length, the hydrodynamic interactions
control the dynamics and the motion within the blobs is Zimm-like, with a characteristic

relaxation time 7 proportional to the blob volume &
7. = (1, /KT)&? (7)

On distance scales larger than £, the behaviour is that of a Rouse chain formed of N

blobs. Finally, the dynamics associated with the N/ (N¢>§)3 entanglement strands is

reptation-like.

Under these assumptions, the longest relaxation time is given by:** %

T = 7:N?[N/(Np&?)]? )
To = (nKT)N N 250 9)
The zero-shear viscosity is given by:

1Mo =T:G, (10)

where Gq is the plateau modulus which is proportional to the entanglement density

G, = KT/(N&?) (12)
It follows:
Mo = NN 2N ¢ (12)
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Equation (12) shows that, at a given concentration, the zero-shear viscosity varies

oppositely to the correlation length.

The experimental observation of a decrease of the relative zero-shear viscosity
1o/17s upon increasing the temperature (cf.Fig.1l) suggests then an increase of the
correlation length with temperature and correspondingly a decrease of the excluded
volume parameter (cf. Eq.(6)), that is a decrease of the quality of solvent. The latter
might result from the breaking of the hydrogen bonds present in most aqueous solutions
of hydrophilic polymers. A decrease of v, upon increasing the temperature should lead to
an increase of C, according to Eq.(4). However, this effect is much weaker for C that
varies like vo®® than for 7o/7s that scales like &° ~ v (Egs(6) and (12)).
Experimentally no significant variation of C* with temperature could be detected. Since
10/ 11s only decreases by a factor of ~ 2 when T varies from 25°C to 80°C, the expected
variation of C" remains in the limit of the experimental accuracy. Note that a possible
effect of temperature on the persistence length may aso be invoked.

The high shear results are aso in agreement with the above observations. At high
shear rate, the flow is controlled by the Zimm-like dynamics within ablob (cf. Eq.(7)). In
that limit, for a system at a given concentration, the high shear viscosity should increase
with & This might explain the crossing of the curves [77/7.](7) observed in Fig.1a,
leading to an increase of the high shear rate viscosity with temperature.

Looking now at the concentration dependence of the zero-shear viscosity, one
obtains power laws with an exponent of the order of 4 (Fig.4). This is the classicd
behaviour of random coils in good solvent and is in agreement with the scaling model

that predicts:***®
1, = nSN‘—zN3¢15/4 (13)

The above equation is obtained by inserting the scaling law & = ¢'* in Eq.(12).

The behaviour of the modified polymer, as compared to that of the unmodified
one, is quite similar to that reported for other systems. The enhancement of the zero-shear
viscosity is accounted for by the sticky reptation model developed first by Leibler et al.*°
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and subsequently by Rubinstein and Semenov'. The prediction of the first version of the

sticky reptation model, for the zero-shear viscosity is:

770 ~ ¢15/4N7/2[S]2T(1—9/p+12/ p2)—l (14)

where [g] is the molar ratio of stickers with respect to the total number of monomers, p
the average fraction of stickers engaged in an association and 7 the average lifetime of a
sticker in a crossink. The temperature dependence observed in Fig.1 for 70/7s is stronger
than for the HPG sample (decrease of 6.5 compared to 2) and can be mainly ascribed to a
decrease of the lifetime of the associations, as shown by the 7. values reported in Table
3.40

The above prediction was obtained within the assumption that after the breaking
of an association, the search of a sticker for anew partner is restricted to a part of the tube
confining entangled chains. Rubinstein and Semenov considered the effect associated
with the increase of the fraction of the inter-chain associations at the expense of the intra
chains ones with increasing the polymer concentration.™* The mode taking into account
this effect predicts a very complex behaviour of the zero-shear viscosity for entangled
systems in good solvent with four successive regimes of different extent where the zero-
shear viscosity varies with concentration according to power laws with exponents 6.8,
8.5, 3.7, 4.7 respectively. This confers the representative curve of 70(C) a sigmoidal
shape such as that observed experimentally in Fig.4.

In the high shear rate regime, the flow behaviour is qualitatively the same as for
the unmodified polymers, as illustrated by the comparison between Figs.la and 1b. A
crossing of the curves [17/7.]() is again observed for the hm-HPG sample at about the

same values of the crossing shear rates measured in Fig.1la

EHAC/hm-HPG Mixtures:

The synergistic behaviour reveaed by the rheologica experimentsis the signature
of strong interactions between EHAC wormlike micelles and hm-HPG associating

chains. These interactions are confirmed by the fact that the increase of the zero-shear
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viscosity occurs at an overall concentration of the order of C grac and, depending on the
temperature, smaller or equal t0 C pmupe. Looking separately at the two components in
the mixtures, it can be observed in Figs. 7aand 7b that at T=25°C, the viscosity rise starts
at EHAC and hm-HPG concentrations significantly lower than their respective C". Under
these conditions, the EHAC micelles are shorter than at C, since their average length
increases with concentration, in contrast with the polymer chains whose length remains
unchanged. It should aso be noted that the C™ of both hm-HPG and EHAC samples are
of the same order of magnitude. It follows that the EHAC micelles, which are much
thicker than the polymeric chains, are also longer in the vicinity of C* according to
Eq.(4).

The frequency dependences of the complex shear modulus provided by the linear
viscoelasticity experiments are characteristic of entangled solutions, as ascertained by the
presence of a plateau modulus and of a dip of G (&) in the high frequency range.
Therefore, the stress relaxation is controlled by the chain reptation. The ratio C/C™ of the
investigated systems are of about 2.3 for the hm-HPG solution and about 7 for the EHAC
and mixtures solutions (T=25°C). It should be noted that the viscoelastic curves are not
significantly smeared by the polydispersity of the samples containing micelles and chains
with very different lengths. However, it must be reminded that the terminal time of the
stress relaxation of wormlike systems does not only depend on their length but also on
thelr breaking time. In the limit where the breaking time is much shorter than the
reptation time, the stress relaxation is described by a single exponential.® As for the
relaxation time of associating polymers, it aso depends both on their length and the
lifetime of the associations. In any case, the reptationa mechanism of these mixtures
must be very complex, but surprisingly the viscoelastic curves exhibit a quite simple
behaviour.

The non linear behaviour of polymers and wormlike micelles submitted to a steady shear
has been theoretically studied by Spenley et a..*° The predictions of the model are the
following: as the shear reaches a threshold value, 7, = 2.6/Tg, a mechanical instability of

shear banding type occurs within the solutions. This instability is characterized above 7,

2 . o .
by a plateau of the shear stress o, = CSEO (or a vertical variation in the representation
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1(o0)). The plateau persists over a finite 7 range, beyond which there is again a linear

increase of o. In the plateau regime, bands of highly sheared liquid of low viscosity
coexist with amore viscous part supporting a lower rate. Such a behaviour does not seem
to have been observed for ordinary polymers. Typically, some shear thinning occurs, but
the shear stress continues to rise gently, reflecting a gradual stretching and orientation of
the chains. Thisiswhat is observed in Fig 2 for the non-modified HPG polymer.

The occurrence of a stress plateau and of a shear banding at high shear has been reported

for wormlike micelles.**** However, a true discontinuity of the siopein the o (5) or 7(0)

curves only occurs at relatively high concentrations (C/C >15). Below this vaue of
CIC’, the plateau regime is much smoother and rounded. As the concentration decreases,
the plateau disappears with an inflexion point as the only reminiscence. This regime
corresponds to a progressive and homogeneous orientation of the micelles submitted to
shear. Thistype of behaviour is observed in the curves of Figs. 12aand 12b.

No model has been developed to describe the non linear flow behaviour of
hydrophobically modified polymers. Both our results and those of Aubry and Moan show
the existence of an intermediate regime between the Newtonian one and the shear stress
plateau, likely associated with stretching and orientation of the chains (cf. Fig.1).” The
shear stress plateau might still be the signature of a shear banding instability. In order for
the instability to occur, the crosslinks between the associative units must be broken, and
therefore the limiting step in the process will be controlled by the lifetime of the junction
points, in agreement with the conclusions of Aubry and Moan.® The non linear rheology
of the mixtures of EHAC and hm-HPG systems presents qualitatively the same features
as those of hm-HPG polymers. It should be noted that the occurrence of a stress plateau
was also recently reported by English et a. for hydrophobicaly modified akali-swellable
emulsion (HASE) polymers.®® Contrary to the systems investigated here, addition of a
high HLB surfactant tends to progressively diminish the shear-induced structuring.
Turning back to the synergistic effect, both linear viscosity and flow experiments show
that for an overall concentration Cy = 0.35wt% and T=25°C, the synergy is optimal for a
composition of R= 0.2, asrevealed by the maximum in Tr and 7. Such a maximum can
result from an increase of the micellar length, of the number and/or the lifetime of the

temporary crosslinks, or also from both effects.

156



The normalized amplitude and the position of the dip of G (@) given in Table 2 exhibit a
minimum for R = 0.2. However, the comparison of Tables 2 and 3 shows that for all

systems, except the one with the composition R = 0.2, am << 7, , o that the validity of

Egs.(1) and (2) is questionable. Still, these results confirm the specific behaviour of the
mixture with R=0.2.

Asfor the variation of the critical shear rate with R reported in Table 3, it exhibits
a minimum for the composition R = 0.2, suggesting a maximum of the lifetime of the

crosslinks at this composition. As for the temperature dependence of 7., it follows an

Arrhenius behaviour (results not shown here) from which an activation energy E, can be
determined. This activation energy is found to be E;=24ksT for R=0 (hm-HPG),
E=26.7ksT for R=0.2 and E;=12.1 kgT for R=0.43 (determination from two data points).
This result shows an enhancement of the activation energy for the lifetime of the
associations at the synergistic composition R=0.2.

Three interaction mechanisms between micelles and associating polymers can be
envisioned:

i) The presence of surfactant produces a strengthening of the hydrophobic
interactions through a non-cooperative bonding. Recent studies have shown that the
viscosity enhancement mostly results from a process where the surfactant decorates the
pre-existing crosslinks and increases their lifetime® However, this effect occurs for
surfactant concentrations close to the cmc and disappears in the presence of an excess of
surfactant. In the latter limit, it is generally believed that the hydrophobic sequences are
singly solubilised by the spherical surfactant micelles.

i) The incorporation of hydrophobic sequences within the wormlike micelles
produces a micellar growth, thus increasing the viscosity of the system.

iii) Bridges are formed between the wormlike micelles and the hydrophobic
sequences of the polymer to build atemporary network.

Considering the very large excess of surfactant concentration with respect to the
hydrophobic sequences, a contribution arising from a decoration by the surfactant of pre-
existing crosslinks must be ruled out. On the other hand, the formation of an
interpenetrated network of wormlike micelles and hydrophobically modified chains, as

schematized in Fig.13 might explain the viscosity enhancement. In such a scheme, most
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of the hydrophobic sequences are embedded within the wormlike micelles and possibly
some binary (or multiple) crosslinks are still present with also some free stickers. The
scheme of Fig.13 represents a situation of entangled chains corresponding to an overall

concentration Cy, significantly larger than C .

N Polymer chain
i Wormlike micelle

| Hydrophobic sequence
[] Binary crosslink
Q Hydrophobic sequence embedded in awormlike micelle

Figure 13: Interpenetrated network of wormlike micelles and hydrophobically modified
chains of hm-HPG.
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The coupled motion in such systems can be described by the sticky Rouse model
in the vicinity of C'y or by the sticky reptation model in the entangled state**®* The
latter case isillustrated by the scheme 14, which represents one associating chain and one
wormlike micelle in their respective tubes whose diameter is given by the average mutual
entanglement length. Some stickers of the polymer chain are embedded in the wormlike
micelle. In its reptation motion, the wormlike micelle can diffuse more or less freely
within its tube despite the stickers, as the surfactant molecules can move without
dragging the sticker. On the other hand, the polymer motion is somewhat hindered by the
residency time of the sticker within the micelle, which is likely dependent on the micelle

lifetime.

o Sticker

@/ Wormlike micelle

N Assodiati ng polymer

Figure 14: Representation of an associating polymer chain and a wormlike micelle in

their respective tubes.
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Experimentally, one observes alesser or suppressed synergy at high concentration
or a high temperature. In the high concentration regime, one might expect that the
density of crosslinks between the stickers increases. The effect of these crosslinks
possibly overcomes that of the stickers embedded in the micelle. Also, there may be some
intermicellar branching that reduces the viscosity.®® At high temperature, the micelles
become much shorter. Therefore, the contribution to the viscosity from the wormlike
micelles is decreased. Moreover, at high temperature, the micelles might become short
enough not to make any longer efficient bridges between the polymer chains. In this
limit, the surfactant will only decorate the hydrophobic sequences and the viscoelastic
behaviour should tend to that of the unmodified polymer at the concentration of the

modified polymer in the mixture.

Conclusion

This is the first report, to our knowledge, of synergystic effects in mixtures of
hydrophobically modified polymers and wormlike micelles. The synergy manifests itself
both in the linear and non linear properties of the systems. In particular, the zero-shear
viscosity of the mixturesis significantly increased with respect to that of each component
in an overall concentration range extending from 0.07wt% to 1wt% and for temperatures
up to 60°C.

The combination of linear and non linear rheological measurements alowed us to show
that the synergy results from an increase of the lifetime of the crosslinks, which suggests
the formation of crosslinks between the micelles and the polymer chains. These results
open new prospects both from fundamental and applied points of view. For thickening
applications, the curves of Figs.7 and 8 and the comments given in the same section
clearly show that it might be advantageous to replace the wormlike micellar systems or
the modified polymers by a lesser amount of a mixture of these two components. Thisis
reflected by the viscosity behaviour at both low and high shear rates. Of particular
interest is the presence of a maximum in the curves of Fig.11. This maximum shows that

even a T= 80°C and ?:1003‘1, an appreciable viscosity of about 0.05Pa.s can be
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obtained with an appropriate mixture, which make these systems useful as fracturing
fluids.

Several issues concerning the fundamental properties are still open. The schemes
proposed to explain the rheological behaviour of these systems are very qualitative and a
real model describing the coupled flow of wormlike micelles and hydrophobically
modified polymers is lacking. The experimental observation that the synergy takes place
in alimited range of overal concentrationsis not easily explainable. More results on both
linear and non linear properties of another modified polymer- wormlike micelle system

will be presented in a forthcoming paper.
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Appendix I11.1

Effect of temperature on the zer o-shear viscosity of HPG and

hm-HPG solutions
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Figures 1 and 2 show the variation of the steady-state values of the relative viscosity 77/77s
where 75 is the solvent viscosity, as a function of the shear rate y for HPG samples at
two different concentrations, C=2wt% (Fig.1) and C=3wt% (Fig.2), a various
temperatures ranging from 25° C to 80° C. These results confirm the behaviour reported
in the article for a HPG solution with a concentration C=1wt%, namely a decrease of the

relative low-shear viscosity upon increasing temperature.

Figures 3 and 4 show the variation of the steady-state state values of the relative viscosity
n/ms where ms is the solvent viscosity, as a function of the shear rate 7 for hm-HPG
samples at two different concentrations, C=2wt% (Fig.3) and C=3wt% (Fig.4) at various
temperatures ranging from 25° C to 80° C. Again, the results confirm those reported in

the article for a solution with a concentration C=1wt%.

We can thus conclude that the same temperature effect is observed for both HPG and hm-
HPG samples for al the investigated concentrations. Thisis also illustrated by the results
of the zero-shear viscosity reported in table 1 that gives the values of the ratio
170(80°C)/ 170(25°C) for various samples of HPG and hm-HPG at different concentrations.

110(80°C)/ 176(25°C) 1wt% 2Wt% 3Wt%
HPG 0.21 0.23 0.25
hm-HPG 0.06 0.13 0.20

Table 1: 7170(80C)/1p(25<C) values of HPG and hmHPG samples at different

concentrations.
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Figure 1. Relative steady-state viscosity versus shear rate for

the presence of 0.4M KCL, at various temperatures.
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Figure 2: Relative steady-state viscosity versus shear rate for a 3wt% HPG solution in

the presence of 0.4M KCL, at various temperatures.
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Figure 3: Relative steady-state viscosity versus shear rate for a 2wt% hm-HPG solution,

in the presence of 0.4M KCL, at various temperatures.
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Figure 4: Relative steady-state viscosity versus shear rate for a 3wt% hm-HPG solution,

in the presence of 0.4M KCL, at various temperatures.
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We observe that the ratio 770(80°C)/10(25°C) increases with the polymer concentration,
both for the modified and non modified HPG, which shows that the polymer solution
becomes less sensitive to temperature with concentration due to the highest number of
effective entanglements that compensate the solvent effect discussed in the paper
responsible of the temperature variation of 7ppc/7s. This effect is much more
pronounced for the hm-HPG than for the HPG polymer solution. According to the sticky
reptation model developed by Leibler et al.!, the zero-shear viscosity of associating
polymers is found to be proportiona to the polymer concentration as well as the average
fraction of stickers engaged in an association and the average lifetime of a sticker in a
crossink (cf. EQ.(14) of the paper). By increasing the hm-HPG concentration, the number
of associated stickers increases, that reduces the sensitivity of the polymer solution to

temperature.

Figure 5 gives the semi-log plot of the ratio NonmHee/Monre as a function of 10%/T for
various polymer concentrations. By considering this ratio, one expects to eliminate the
solvent effect discussed in the paper, responsible of the temperature variation of Moups/Ms
and thus to describe the combined behaviours of the lifetime of the stickers, the molar
ratio of stickers with respect to the total number of monomers and the average fraction of
stickers engaged in an association (cf. Eq.(14) of the paper).

As shown in Fig.5, the variation of 7onm-1pc/Tonps 1S Non Arrhenian, which reflects a
quite complex effect of the above parameters. It decreases upon increasing the
temperature, which is most likely due to a decrease of the lifetime of the associations.
The latter effect was also shown in the paper by the temperature dependence of the
critical shear rate y_ (cf. Table 3 of the article).
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Appendix I11.2

Non linear rheological propertiesof hm-HPG solutions



Figures 1-4 show the variation of the steady state viscosity versus the shear stress for hm-
HPG solutions at various concentrations, in the presence of 0.4M KCI and at various

temperatures.

For al the hm-HPG samples investigated, except for the less concentrated one at high
temperature, one observes the behaviour characteristic of associating polymers. a
Newtonian plateau followed by a gradual shear-thinning regime, then an abrupt drop of

the viscosity. The latter occurs at a critical shear stress o, to which corresponds a critica

shear rate 7, .

The variation (Fig.5a) of the critical shear stress o, with concentration can be fitted at
T= 25°C by a power law o, = C** in agreement with the previous findings of Aubry
and Moan in the sat-free systems. o, ~C” '. As the temperature increases, the

exponent of the power law of o versus C tends to increase (1.67 at 40°C and 2.14 at
60°C). Also deviations from the power law appear in the high concentration range
(Figs.5b and 5c).
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Figure 1. Seady-state shear viscosity versus shear stress for hm-HPG solutions at
various concentrations (o 0.35wt%, m 1wt%, A 2wt%, ¥ 3wt%) in the presence of 0.4M

KCl, at 25 <C.
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Figure 2. Seady-state shear viscosity versus shear stress for hm-HPG solutions at
various concentrations (o 0.35wt%, m 1wt%, A 2wt%, ¥ 3wt%) in the presence of 0.4M

KCl, at 40 C.
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At 25°C, the critical shear rate . decreases upon increasing the concentration (Fig.6)

with a trend to a plateau at concentrations >2wt%). The same effects are observed at
40°C and 60°C. This indicates that the lifetime of the hydrophobic crosslinks increases
with the polymer concentration, thus suggesting that the fraction of stickers engaged in an
association also increases with this parameter, with however a saturation at high

concentration.
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Figure 6: Variation of the critical shear rate ., as a function of the hm-HPG

concentration at various temperatures.
Note that this result is at variance with the Aubry and Moan’s observation® that 7, is
independent on concentration for salt-free systems in the concentration range 0.75wt%-

1.5wt%.

The temperature dependence of y, for various hm-HPG concentrations is represented in

Fig.7. For a concentration of hm-HPG equal to 0.35wt%, the temperature dependence of
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y. follows an Arrhenius behaviour from which an activation energy has been

determined: E,=24kgT (Fig.7). The activation energy for the lifetime of the associations
increases with the hm-HPG concentration; for C=1wt%, E,=33.6 ksT. At higher

concentrations, the behaviour of 7, with temperature becomes more complex.
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Figure 7: Variation of the critical shear rate . as a function of the temperature for hm-

HPG solutions at various concentrations (o 0.35wt%, m 1wt%, A 2wt%, ¥ 3wt%) in the
presence of 0.4M KCl.
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Appendix I11.3

Rheological properties of hm-HPG/EHAC mixtures
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[11 1. Linear viscoelastic properties of the hm-HPG/EHAC mixtures

Figures 1-5 show the comparison of the variations of the shear modulus with the circular
frequency for systems with various values of the mixture composition R previously
defined in the paper (R:CEHACJ(CEHAC"'Chm-HPG))-

One observes qualitatively the same behaviour for al the systems, with in particular a
well marked dip at high frequency. As pointed out in the paper, the dip position a, and
amplitude go through a minimum for R=0.2. If the Granek’s equations (Egs.(1) and 2 in
the article) apply to the associating polymers and to the mixtures, then the above
observation indicates that at R=0.2, the reptating entities are longer. As the length of the
hm-HPG polymer cannot change, this would imply a micellar growth. Such an effect is
not unlikely, considering that the hydrophobic groups are embedded in the micelle.
Theoretical developments aiming at describing the high frequency viscoelasticity

behaviour of associating polymers would be desirable.
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Figure 1: Sorage (G) and loss (G') moduli as a function of frequency at 25<C for a
solution of 0.35wt% hm-HPG, and 3wt% KCI (R=0).
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Figure 2: Storage (G) and loss (G ) moduli as a function of frequency at 25<C for a
solution of 0.3wt% hm-HPG, 0.075wt% EHAC and 3wt% KCI (R=0.2).

10"
10‘ o ®
s 104% .

‘O 10‘3-§

10° 1

10 | UL | T T T UL |
10" 10° 10° 10" 10

o (rad.s™)

Figure 3: Storage (G) and loss (G') moduli as a function of frequency at 25<C for a
solution of 0.2wt% hm-HPG, 0.15wt% EHAC and 3wt% KCI (R=0.43).
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Figure 4 : Storage (G) and loss (G ) moduli as a function of frequency at 25<C for a
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Figure 5: Storage (G) and loss (G ) moduli as a function of frequency at 25 < for a
solution of 0.375wt% EHAC and 3wt% KCI (R=1).
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[11.2. Non linear rheology of the hm-HPG/EHAC mixtures

Figures 6 and 7 show the variation of the steady state viscosity versus the shear stress for
a system with an overall concentration Cy~0.35wt% for various compositions, at T=40°C

and 80°C (the curves corresponding to the temperatures T=25°C and 60°C are reported in

the paper).
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Figure 6: Variation of the steady shear viscosity as a function of shear stress for different

Rvalues (V¥ R=0,A R=0.2, « R=0.43, o0 R=0.69, ¢ R=1) with Cy=0.35wt% at 40 <C.
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Figure 7: Variation of the steady shear viscosity as a function of shear stress for different
Rvalues (V¥ R=0,A R=0.2, « R=0.43, o0 R=0.69, ¢ R=1) with C\=0.35wt% at 80 .
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The behaviour of the blends is more complex than for the single component EHAC or
hm-HPG solutions. The high shear viscosity of mixtures still exhibits amore or less sharp
drop, depending on the composition and the temperature. For systems with awell defined

plateau, the values of both o, and j, have been determined and reported in the Table 3
of the paper. It was observed that the critical shear stress 7, present a minimum for a

composition R=0.2 for all the temperatures investigated, that reveals a maximum of the

lifetime of the associations. The behaviour of o is more complex.

The temperature dependence of y, for a system with an overall concentration

Cw=0.35wt% for various mixtures compositions is represented in Fig.8. It follows an
Arrhenius behaviour from which an activation energy has been determined: E,=24 kgT
for R=0, E;=26.7 kgT for R=0.2, E;=12.1 kgT for R=0.43 (determination from only two
data points). This result shows an enhancement of the activation energy for the lifetime of

the associations at the synergistic composition R=0.2.
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Figure 8: Variation of the critical shear rate y, as a function of the temperature for

different Rvalues (¥ R=0, A R=0.2, ® R=0.43) with Cyy=0.35Wt%.
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Chapter IV

SYNERGISTIC EFFECTSIN 0.4M KCI SOLUTIONS OF
HYDROPHOBICALLY MODIFIED
CHITOSAN/

ERUCYL BIS(HYDROXYETHYL)METHYLAMMONIUM
CHLORIDE MIXTURES
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INTRODUCTION

Chitosan and modified-chitosan solutions have been extensively studied during the past
few years. Chitosan is a water-soluble natural polymer obtained by deacetylation of
chitin, alinear polysaccharide. When the average degree of acetylation of chitin becomes
lower than 50% (DA expressed as molar percentage), the product is called chitosan and
becomes soluble in acidic conditions due to the protonation of the —-NH, group of the
glucosamine unit. The chitosan is a polycation in neutra and acidic solutions
(pKa=6.0)"? and therefore can be used in a broad variety of industrial and biomedical
applications®*2.

The conformation and the size of chitosan chains in dilute solutions are strongly
dependent on the degree of acetylation (DA) and the ionic strength™>?!. The effect of the
DA on the chain stiffness has been assessed from the molecular weight dependences of
the intrinsic viscosity, [ 77], and of the radius of gyration, Rg, through the Mark-Houwink-
Kuhn-Sakurada relationship, [7]=KM? and the relation Re=K M", respectively. Many
authors found an increase of the a coefficient with DA and concluded that the acetyl
groups induce some stiffness to the chains'®*8, whereas the dependence of v on DA is
less significant'**®?°. Some authors have determined the values of the persistence length
L, in order to show the effect of an increase of the acetyl content on the chain
conformation. For several commercial chitosans, Terbojevich et a.”* found L,=22 nm for
both DA=15% and DA=42%. For heterogeneously acetylated chitosan Brugnerotto et
al.* found L, =11nm independent on DA in the range 0 < DA < 25%.

Shaltz et al.'® defined three domains of DA corresponding to different behaviours of
chitosan: (1) a polyelectrolyte domain for DA below 20%, (2) a transition domain
between DA=20% and 50% where chitosan loses its hydrophilicity, (3) a hydrophobic
domain for DA over 50% where polymer associations can arise.

Contrary to hm-guar polymer, modified chitosan is not commercialy available. The
substituted derivative is obtained by reductive amination®?, leading to the grafting of
the hydrophaobic alkyl chains along the hydrophilic macromolecular chain. The resulting
compound is an amphiphilic polymer whose hydrophobicity may be adjusted by variation
of the length of the grafted alkyl chain (from 6 carbon atoms to 14) or the degree of
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substitution of the amine functions. The length of the amine groups as well as their
concentrations have a significant impact on the rheological properties of the modified
chitosan®*®%, An adequate length of the grafted chain is necessary for chitosan
derivatives to present hydrophobic characteristics and self-association®”. The role of
temperature on the rheological behaviour of the modified chitosan was investigated and
was found to be strongly dependent on both the length and the concentration of the amine
groups™>?. The study of the aggregation phenomena in agueous solutions of modified
and unmodified chitosans by a fluorescent probe interacting with hydrophobic regions,
revealed the formation of intermolecular aggregates in the unmodified chitosan®’. The
authors tried to elucidate the nature of these aggregates by different ways, such as
addition of urea and ethanol, increase of temperature, and variation of ionic strength.
They concluded that neither H-bonds nor hydrophobic interactions were responsible for
the aggregation of chitosan. Two types of hydrophobic domains exist in the modified
chitosan, one inherent to the chitosan itself, the other one typical for polymers with
hydrophobic side chains.

The most detailed study of the concentration regimes of hm-chitosan was performed by
Esquenet et a.?®** on samples with a molecular weight M,,=195,000g/mol, a substitution
of hydrophobic units with various lengths (from C6 to C14) and a degree of substitution
of 2%. These authors studied the aggregation process in the dilute regime using light
scattering and viscometry. A behaviour similar to that of the telechelic polymers was
observed (Fig.1). At low concentration, i.e., a concentrations below the critica
aggregation concentration (c.a.c.), the supernatant phase corresponds to free isolated hm-
chitosan polymer chains dissolved in the solvent, that are caled unimers. The
intermediate hm-chitosan contents (c.a.c.<c<c') correspond to the formation of micellar
aggregates (associations of unimers) that do not enhance the solution viscosity. These
micelles are not connected and are diluted in the solvent. They can be viewed as an
assembly of spherical “flowerlike” micelles where polymer chains are “cross-linked”
through alkyl associations. At higher polymer concentrations (c>c*), the system exhibits
alarge increase of the solution viscosity and a gel-like behaviour. This behaviour is likely
to be due to the weak degree of substitution (2%). For higher degrees of hydrophobic

substitution, one might expect to recover the behavior of the hm-guar.
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Figure 1. Phase diagram in the alkyl side chains length-polymer concentration plane at
a fixed temperature T = 25 “ C. The points () represent the unimers-micelles transition
(i.e., the c.a.c. deduced from static light scattering measurements), and the points (=)
represent the micelles-gel transition (i.e., the concentration c¢* deduced from viscosity
measurements). The degree of alkylation is equal to 2%. The length of the alkyl side
chainsis defining by C,, with n varying from 6 to 14. The phase behavior of the analogue
unmodified chitosan (i.e., CO) is also represented. (fromrefs. 28, 29)

In most of the studies, the procedures for determining the rheological parameters and
more specifically the zero-shear viscosity are not detailed. In fact, as discussed later, the
transients when establishing a steady shear-stress or a shear-rate are very long and with

large amplitude. This makes the determination of the equilibrium parameters very time
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consuming. Moan and Aubry® already stressed this issue for hydrophobically modified
hydroxypropyl guars. For this reason, some results reported in the literature might be

erroneous.

The present study does not am at giving a full description of the hydrophobically
modified chitosan polymers, but rather at selecting a few samples and studying possible
synergistic effects with wormlike micelles. Only few authors have reported studies on
chitosan derivative/surfactant mixtures. Nystrom et al.** focused their studies on the
rheological behaviour of one particular chitosan derivative (C12 aldehyde), and its
interactions with the cationic CTAB (cetyl trimethyl ammonium bromide) surfactant.
They studied the effect of pH, temperature, polymer concentration and addition of
surfactant on the linear viscoelastic properties of chitosan samples having different
degrees of hydrophobicity. Recently, Lee et a.* studied the effect of adding a modified
chitosan to vesicles or wormlikemicelles of surfactant. Adding a modified chitosan to a
solution of vesiclesresultsin an elastic gel. The likely structure of these gelsis a network
of vesicles connected by associating polymer chains, with the hydrophobes of the
polymer embedded in vesicle bilayers. The rheology of the modified chitosan/wormlike
micelle mixture is very different. In that case, a non-permanent gel is obtained due to the

formation of atransient network by junctions of afinite timescale.

The main goal of this chapter is to demonstrate the generality of the synergistic effects
which may occur in mixtures of hydrophobically modified polymers and wormlike
micelles, as aready revealed in Chapter 111 for EHAC/hm-HPG mixtures. In this respect,
we have studied the linear and non-linear rheological properties of aqueous solutions of
another associating polymer, hydrophobically modified chitosan (hm-chitosan) and
erucyl bis-(hydroxyethyl)methylammonium chloride (EHAC) surfactant (see Chaps. 11
and 111).

An hm-chitosan with alower molecular weight than that of the hydrophobically modified
hydroxypropyl guar (hm-HPG) previously studied in Chapter 111 was chosen. A detailed
study was carried out on the effect of the mixture composition and its overall

concentration on the synergy of the system. The aim of comparing hm-chitosan with hm-
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guar/derivative is to conclude if the use of the lower molecular weight polymer chitosan
could conduct to a similar or more/less efficient system. Thisis an important issue from
the applications point of view asit is thought that alower molecular weight polymer may

help to reduce formation damage.

. SYNTHESIS AND CHARACTERISATION OF CHITOSAN AND
HM-CHITOSAN SAMPLES

[.1. Synthesis of hm-chitosan

The original chitosan sample was obtained from Aldrich. The reported degree of
deacetylation was about 80%, which has been verified by NMR*. The molecular weight
of the sample, determined by capillary viscosimetry, was found to be around
90,000g/mol. The details of its determination are reported in the next paragraph.

The chitosan backbone is composed of D-glucosamine [B-(1,4)-2-deoxy-2-amido-D-
glucopyranose] sugars, with a small fraction of N-acetyl-D-glucosamine [B-(1,4)-2-

deoxy-2-acetamido-D-glucopyranose] sugars as well (Fig.2).

OH

HO

—0

NH,

R=H or R=-CO-CH3

Figure 2: Sructure of chitosan
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The chitosan derivative was obtained by reductive amination following the procedure
described by Yapani®* (Fig.3). The alkylation reaction was processed as follows: 10
grams (62 mmol) of chitosan were dissolved in 800ml of 0.2M acetic acid, then 350 ml of
ethanol were added to allow the adehyde used for the alkylation to be in a solvating
medium. After complete dissolution the pH was adjusted to 5.1 in order to avoid the
precipitation of the macromol ecules, the optimal reaction pH being between 4 and 8. An
amount of 0.484grams (3.1 mmol, corresponding to a substitution degree of 5mol%) of
decyl aldehyde in solution in ethanol was then added, followed by the addition of an
excess of sodium cyanoborohydrate (11.69 grams, 186 mmol). The mixture was stirred
during 24h at room temperature and the alkylated chitosan was precipitated with ethanol.
The pH was adjusted to 7 with a sodium hydroxide solution and the precipitate was
washed with ethanol/water mixtures with increasing ethanol contents from 70% v/v to
100%.

CH,0H

OH

H,N

R:CQH 19

Figure 3: Synthesis of hm-chitosan by reductive amination.
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The degree of acetylation (DA) as well as the degree of akylation were checked by
NMR®. The samples were dissolved a a concentration of 10mg/ml in D,O in the
presence of HCl (pH 4) and freeze-dried three times to exchange labile protons for

deuterium atoms. The spectrawere performed at 353K.

[.2. Determination of the molecular weight of the chitosan sample

The molecular weight of the chitosan sample was obtained by measurement of its
intrinsic viscosity [77]. The intrinsic viscosity is related to the viscosity average molecular

weight of the polymer through the Mark-Houwink-Sakurada relationship™":
[7]1=KM,* (1)

where K and « are constants, both related to the stiffness of the polymer. For flexible
polymer coils, o is 0.5 in a @ solvent and 0.8 in a good solvent. Brugnerotto et al.**
determined the K and « constants values for samples of chitosan as a function of their
degree of acetylation (DA). Using gel permeation chromatography (SEC) coupled with a
multi-angle laser light scattering detector equipment, they obtained the variations of the
radius of gyration Rs with the molar mass M,, of the sample. They also determined
experimentally the intrinsic viscosity of the chitosan samples. In the dilute range, the
viscosity of the solution can be represented by a power series of the polymer

concentration C,
n=n,0+[71C, +k,[7]*C,* +....) 2)

where 775 and ky represent the solvent viscosity and the Huggins coefficient respectively.
The intrinsic viscosity can be determined by measuring the viscosity of solutions at low
concentrations and extrapolating to infinite dilution, according to the Huggins or Kraemer
relationships, respectively®
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nsp/Cp :[77]+kH [n]ch (3)

In(n,)/C, =[n -k [n]°C, (4)

where 7, is the relative viscosity, defined as the ratio of the solution viscosity and the
solvent viscosity 7/75, and 7, is the specific viscosity (7-1).
Using the Mark-Houwink relation, Brugnerotto et al. could calculate the K and o

constants for different DAs of chitosan samples (see Table 1).

DA (mol%) K a
0-3 0.079 0.796

12 0.074 0.8
22-24 0.070 0.810
40 0.063 0.83
56-61 0.057 0.825

Table 1. Mark-Houwink parameters determined from the SEC analysis and [7]]

measurement (from Ref.14).

The viscosities of dilute solutions of chitosan were determined using a capillary
viscometer, at 25°C. The solutions were prepared by dissolution of chitosan in a 0.3M
acetic acid (AcOH)/ 0.05M sodium acetate (AcONa) in order to screen the electrostatic
repulsions without favouring hydrophobic interactions promoted by electrolytes. Figure 4
shows the variation of the reduced viscosity 71 (=75/C) as a function of chitosan
concentration. Taking the values of the Mark-Houwink parameters determined by
Desbrieres for DA=20 (K =0.07; ¢=0.81) and the value of the intrinsic viscosity
determined from Fig.4 ([7]=729mL/g), the weight average molecular weight was
calculated from Eq.(1) and found to be equal to 90,000g/mol.
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Figure 4: Variation of the reduced viscosity 7j.eq Ver sus chitosan concentration.

. EXPERIMENTAL PROTOCOL

To take into account the evolution of the chitosan solution properties at rest as a function
of time as well as the long equilibrium time required to reach a steady-state value of the
shear viscosity, an experimental protocol was established in order to insure the

reproducibility of the experimental results.
[1.1. Evolution of the properties of chitosan and hm-chitosan solutions with time

The viscosity of agueous polymer solutions can decrease gradualy with time®***. There

is still much debate regarding the explanation of this viscosity decrease. It may be due to:

1. a change of the polymer conformation due to the breaking of inter and/or intra

molecular hydrogen bonding.

2. adegradation of the polymer chains by micro organisms such as bacteria.
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Our main concern was to insure good reproducibility of the results rather than to perfectly
understand the mechanism involved in the viscosity decrease of chitosan solutions with
time. We have therefore performed a preliminary study of the evolution of the viscosity
of a chitosan solution with time, to get an estimate of the kinetics of the destabilisation

process.

The results for a 1.2wt% unmodified chitosan in 1wt% acetic acid solution are reported in
Fig.5. A decrease of 10% of the initial solution viscosity is observed after 24 hours, of
20% after 48 hours and 34% after 168 hours. The viscosity of a 0.5wt% hm-chitosan in
1wt% acetic acid solution was also measured over time. Figure 6 shows the variations of
the decrease of viscosity (in %) with time for the chitosan and hm-chitosan samples. One
can note that the ageing process of the hm-chitosan solution is dlightly slower than that of

the chitosan.
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Figure 5: Variations of the steady-state shear viscosity vs shear rate of a 1.2wt%
chitosan solution at different aging times (o t=0, A t=24h, o t=48h, ¥ t=72h, ¢
t=168h).
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Figure 6: Viscosity decrease (%) with aging time for a 1wt% chitosan solution (o) and a
0.5wWt% hm-chitosan solution (A) in Iwt% acetic acid, at 25 <C.

So, as describes later, the different chitosan, hm-chitosan, EHAC/hm-chitosan solutions

were used immediately after preparation in order to avoid any ageing effect.

[1.2. Equilibrium time for the establishment of the steady-shear viscosity of hm-
chitosan solutions

As previously observed with the hm-HPG polymer (see Chapter I11), the response of the
hm-chitosan solutions to a shear stress was found to be time dependent. Previous studies
on hm-chitosan do not mention this important feature nor the detailed procedures used to
determine the rheological parameters and more specifically the zero-shear viscosity.
Figure 7 shows the variation of the viscosity versus shear rate for a 2.5wt% hm-chitosan
solution. The rheograms have been produced for different values of the time used for
taking each data point. Under non equilibrium conditions (Fig.7: o t=80s, ¥ t=25s), an
apparent Newtonian plateau, followed by a shear thinning regime is observed, whereas
when the measurements are made under equilibrium condition (Fig.7: m t=4060s) no

Newtonian plateau can be observed in the used shear rate range. As a result, particular
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attention was paid in determining the equilibrium time for al hm-chitosan and

EHA C/hm-chitosan solutions, before measuring the steady-shear viscosity.
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Figure 7: Variations of the steady-state shear viscosity vs shear rate of a 2.5wt% hm-
chitosan solution using different values of the time of measurement of each data point (m
t=4060s, o t=80s, ¥ t=25s).

In our study, we have adopted the following experimental protocol. The chitosan was
dissolved, at a convenient concentration, in a 1wt% acetic acid solution for 24 hours, at
25°C, under mechanical stirring (1000rpm, blade stirrer). An excess of sat (3wt% KCI)
was then added to all the polymer solutions that were kept under stirring for another 4
hours. EHAC surfactant was added for the preparation of the polymer/surfactant
mixtures. The solution was centrifuged to remove air bubbles and then was immediately
used.

The equilibrium time for the establishment of the steady-shear viscosity was evaluated
for each sample prior to steady-shear viscosity measurements.
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1. COMPARISON OF THE FLOW RHEOLOGY OF CHITOSAN
AND HM-CHITOSAN: DETERMINATION OF THE OVERLAP
CONCENTRATION C’

Compared studies of the flow rheology of chitosan and hm-chitosan have been reported
in the literature?®®2"31%  Our main interest was to study the synergistic effects with
wormlike micelles. That is the reason why this part of the study only focused on the
determination of the overlap concentration C between the dilute and semi-dilute regimes

of the hm-chitosan and of its non-modified equivalent.

Figure 8 shows the comparison between the variations of the zero-shear viscosity versus
polymer concentration measured at T=25°C for the chitosan and hm-chitosan samples

respectively.

For the unmodified polymer, one observes the classica behaviour of conventional
polymers, as previously observed with the hydroxypropyl guar (see Chap. 1l), that is, a
first break at the concentration C (0.2wt%) at which the chains start to overlap and a
second break a a higher concentration C. (1.1wt%) corresponding to the onset of
entanglements. The ratio CJ/C is of the order of 5.5 that is in the range generally
observed for other systems (between 5 to 10)*"**. Surprisingly, the concentration C" of
the chitosan polymer is closed to that of the HPG polymer presented in Chap. IlI
(C'=0.15wt%), athough the molecular weight of the former is 20 times lower
((90,000g/mol for the chitosan as compared to 1.8x 10°g/mol for the hm-HPG). This
result suggests a larger expansion of the chitosan chains, due in part to a higher value of

14,21 45
).

its persistence length (L chitosan = 11-22nm™"~, compared to Ly guar = 4nM

In the entangled regime, the exponent of the dependence of the zero shear viscosity 77, on
the polymer concentration should be equal to 15/4*. In the present case, this exponent is
found to be much larger (5.5), as already observed by Desbrieres™. The high value of the
exponent may be linked to the presence of specific interchain interactions, as aready
mentioned by Amiji* and Anthonsen et a.®®, and discussed later on by Philippova et

al.?’. Chitosan is able to form hydrophobic intermolecular domains at concentrations
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49,50

c® and dynamic

larger than the overlap concentration. This was shown by stati
scattering experiments. Using these more sensitive techniques than rheology, the
presence of aggregates was observed even in the dilute regime. These domains are stable
and only weakly affected by heating or by the addition of salt, urea or ethanol, which
suggests that neither hydrogen bonds nor hydrophobic aggregation are responsible for the
aggregation of chitosan. The nature of the aggregatesis still under discussion.

The rheological behaviour of the modified chitosan is quite different, as has been
observed in the previous chapter for hm-HPG. The viscosity of the solution rises steeply
beyond a concentration which is of the same order of magnitude as the crossover
concentration C" of the unmodified polymer. In this regime, the viscosity of the hm-
chitosan is much larger than that of the unmodified analogue, which reflects the

occurrence of intermolecular associations.
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Figure 8: Variations of the zero-shear viscosity with concentration for solutions of

chitosan and hm-chitosan in the presence of 3wt% KCI at 25 <.
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V. RESULTSAND DISCUSSION

IV.1. Effect of the composition of EHAC/hm-chitosan mixtures on the non linear

rheological behaviour

We have investigated the rheological behaviour of EHAC/hm-chitosan mixtures with
different compositions, first at an overall concentration Cy=0.35wt%, which was in the
concentration range that appeared to give the maximum synergy for the EHAC/hm-HPG
system. We have carried out subsequently the same experiments at a higher overall
concentration Cy=0.7wt%.

The composition of the mixture was defined by the ratio R=Cgyac/(CenactChm-chitosan)

where the concentrations of the components are expressed in wt%.
IV.1.a. Effect of the EHAC/hm-chitosan composition at Cy = 0.35wt%

Figure 9 shows the flow curves obtained for different ratios of EHAC/hm-chitosan in

mixtures with an overall concentration Cy=0.35wt% at 25°C.
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Figure 9: Variations of the steady-state shear viscosity vs shear rate for different R

values (m R=0, A R=0.2, 0 R=0.43, ¥ R=0.69, ¢ R=1) with Cy=0.35wt% at 25 <C.
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A synergistic effect clearly appears in the Newtonian plateau. This synergy is also
reflected by the behaviour of 77 that corresponds to the onset of the shear thinning and is
of the order of Tx™ (see Chap.l1).

Figure 10, showing the variation of the zero-shear viscosity versus the mixture
composition R, is another illustrative description of this synergy. A maximum in the zero-
shear viscosity is observed between R=0.2 and R=0.43, a similar range to that observed
for the EHAC/hm-HPG system (around R=0.2). The amplitude of this maximum is
higher than that obtained with the EHAC/hm-HPG mixtures when referenced to the
viscosity of the pure polymer (R=0) (3 orders of magnitude increase from R=0to R &t the
maximum compared to 2 for the EHAC/hm-HPG mixtures). However the maximum is
lower when referenced to the viscosity of the pure surfactant (R=1) (less than one order
of magnitude as compared to more than one order of magnitude for the EHAC/hm-HPG
mixtures). Moreover, the zero-shear viscosity observed at the maximum is lower than that
observed with the EHAC/hm-HPG system (770 = 20 Pa.s compared to 77o= 100 Pa.s).

The variation of the high shear rate (=100 s") viscosity versus R ( Fig.11) shows that

the composition dependent synergistic effects are maintained at least up to =100 s*,

which is an important result from the point of view of the potential application of such
fluids. At =100 s*, the maximum is also observed around R=0.43.

Figure 12 shows the same flow curves as those of Fig.9 in the representation 7= f (o).
The solutions exhibit a shear thinning behaviour that depends on the sample composition.
As discussed before (Chap.I11) Moan and Aubry® reported a drastic shear drop of the
viscosity at a shear stress o,. The shear rate y_, measured just before the sharp drop was
assumed to be the inverse of the lifetime of the associations. For R=0.43 and R=0.69, the
viscosity decreases monotonically in the shear-thinning regime with two inflection points
as observed by Jenkins et a. for the HEUR™ and HASE®*™* polymers. These results
suggest the existence of two critical stress levels whose values depend on the mixture

composition.
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Figure 12: Variations of the steady-state shear viscosity vs shear stress for different R
values (m R=0, A R=0.2, 0 R=0.43, ¥ R=0.69, 0 R=1) with Cy=0.35wt% at 25 <.

IV.1.b. Effect of the EHAC/hm-chitosan composition and of the temperature at
Cw=0.7wt%

Figure 13 shows the variation of the steady shear viscosity versus shear rate for solutions
of EHAC/hm-chitosan mixtures having different compositions, with Cy=0.7wt%, at
various temperatures. Again, a synergy with an amplitude similar to the one observed for
Cwm = 0.35wt%, is revealed in the Newtonian plateau.
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Figure 13: Variations of the steady-state shear viscosity vs shear rate for different R
values (m R=0, A R=0.2, o R=0.43, ¥ R=0.69, ¢ R=1) with Cy=0.7wt% at 25 (a),
40 < (b) and 60 C (c).
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Figure 14, another illustrative representation of the synergy, shows a maximum around
R=0.2, similar to that observed at Cy = 0.35wt%. At 25°C, the zero-shear viscosity at the
maximum is about 100 times larger than that of the mixture at Cy = 0.35wt% (cf.
Fig.10). The amplitude of the maximum decreases upon increasing the temperature. It
seems that the temperature dependence of the zero-shear viscosity of the mixturesin the
range 0.2 < R < 0.69 follows qualitatively the behaviour of the EHAC (R=1) rather than
that of the hm-chitosan (R=0).

Figure 15 shows that the composition dependent synergistic effects are maintained at
high shear rate (at least up to =100 s) and that, in contrast to the zero-shear viscosity,

the viscosity at 7=100 s* is only weakly temperature dependent, whatever the
composition of the system, as previously observed with the EHAC/hm-HPG mixtures.

Figure 16 shows the same flow curves as those of Fig.13 in the representation 7= f (o).
The flow curves display again a bimodal shape, more or less pronounced depending on
the composition and on the temperature. The system with R=0.2, that corresponds to the
maximum synergy, exhibits a steeper drop in the viscosity at a particular stress level.
The determination of the values of both o, corresponding to the shear stress of the sharp

viscosity drop, and ., measured just before the sharp drop, appears to be more delicate

for these systems than for the EHAC/hm-HPG mixtures.
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Figure 14: Zero-shear viscosity versus R at various temperatures, o 25<C, e 40T, A

60 C, for systems with Cyy=0.7wt%.
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Figure 15: High shear-rate viscosity versus R at various temperatures, o 25<C, e 40T,

A 60 T, for systems with Cy=0.7wt%.
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Figure 16: Variations of the steady-state shear viscosity vs shear stress for different R
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To summarise, the results obtained for systems with overall concentrations Cy = 0.35wt%
and Cy = 0.7wt% show that there is an optimal synergy for a certain composition range
corresponding to a polymer concentration around 70-80% of the overal mixture
concentration. So, the addition of a small amount of wormlike micelles to an entangled
network of semi-rigid hm-chitosan chains leads to a huge increase of the viscosity. The
wormlike micelles whose diameter (d = 2nm) is 10 times higher than that of the hm-
chitosan (d = 0.2nm) occupy a larger volume than the polymeric chains. Moreover, for
the same volume fraction of polymer and surfactant, the total length of the polymeric
chains is much higher than that of the micellar chains. In addition to the hm-hm polymer
interactions, some crosslinks are created between the polymeric chains and the micelles
through the embedding of the polymer hydrophobic moities inside the wormlike micelles.
As discussed before, the dynamics of the VES/hm-polymer system depends on the
coupled VES/hm-polymer chains motion. The latter is governed by the reptation hindered
by the polymer/polymer hydrophobic interactions, that depends on the concentration and
the lifetime of the tie-points but also by the reptation hindered by the VES/hm-polymer
crosspoints controlled by the concentration and the residency time of the sticker within
the micelle. This might explain the two critical stress levels observed in the

representation 7= f (o) .

A comparison of the above results with those discussed in Chap.lll indicates that the
synergy observed between the EHAC surfactant and the associating polymers appears to
be stronger for hm-chitosan than for the hm-HPG as revealed by the larger amplitude of
the maximum in the zero-shear viscosity as afunction of R. However, the absolute values
of zero-shear viscosity at the maximum are lower for the hm-chitosan system compared
to the hm-HPG system.

These results are quite important from an applications point of view as they show that the
molecular weight of the polymer does not aone control the amplitude of the synergy.
Further studies are requested to determine the most adequate system based on either a

high molecular weight polymer that is damaging for the formation or a low molecular
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weight polymer that might require a higher concentration to reach the same viscosity, so

increasing the fluid’s cost.

IV.2. Effect of the overall concentration Cy on the rheological behaviour of the

EHAC/hm-chitosan mixtures

We have investigated the effect of the overal concentration Cy on the rheologicd
behaviour of two mixtures having compositions equal to R=0.43 and R=0.2, that isin the
range of maximum of synergy. We have performed both steady-state and oscillatory

experiments.

IV.2.a. EHAC/hm-chitosan mixtureswith R=0.43

Figure 17 shows the steady shear viscosity versus shear rate for hm-chitosan/EHAC
mixtures at different overall concentrations Cy, from 0.35wt% to 2wt%. As expected, the
viscosity of the mixture increases with the overall concentration. For the lowest Cy
values (0.35wt% and 0.7wt%), a Newtonian plateau is observed for the lowest shear rate,
followed by a shear thinning behaviour above a certain shear. For the highest
concentrations (1wt% and 2wt%), the Newtonian plateau is outside the shear rate range
of the rheometer. The shear-thinning regime is again characterized by a bimodal shape.
The representation 7= f(o) is given in Fig.18. For the two lowest overal

concentrations Cy (0.35wt% and 0.7wt%), two inflection points appear in the flow
curves, similar to the findings of Jenkins and coworkers™*. At higher concentrations,
one observes a much steeper drop of the viscosity, followed by a small plateau then by a
second shear thinning regime. These results once again indicate that the behaviour of the
mixtures under shear is complex, due probably to some successive rearrangements of the
transient physical network. The two sharp drops of the viscosity observed in the flow
curves, whose steepness depends on the mixture composition, might correspond to the
breaking of different kinds of associations (polymer/polymer, or polymer/VES). The
shear rates at which the sharp drops in the viscosity occur increase with the overall

concentration Cy.
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Figure 17: Variations of the steady-state shear viscosity vs shear rate for different Cy
values (0 Cy =2wt%, A Cy =1wt%, o Cy =0.7wt%, ¥ Cy =0.35wt%) with R=0.43 at
25C
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Figure 18: Variations of the steady-state shear viscosity vs shear stress for different Cy
values (0 Cy =2wt%, A Cy =1wt%, o Cy =0.7wt%, ¥ Cy =0.35wt%) with R=0.43 at
25C
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Oscillatory flow measurements were conducted on the same solutions. In Figs.19-22 are
reported the steady-state viscosity 77(7) and the dynamic complex viscosity 7 (w) as
functions of shear-rate or frequency. According to the the Cox-Merz rule™, these two
functions were found to coincide for entangled solutions of polymers. In the present case,
the 77() and 17 (w) curves coincide only in the Newtonian regime. In the shear thinning
regime, significant deviations occur. Such deviations were aso observed for viscoelastic
surfactant systems and were attributed to the occurrence of a shear banding instability
and/or an isotropic nematic transition induced by the flow™. A deviation from the Cox—
Merz rule has aso previously been observed with HASE polymers in agueous medium
which was ascribed to the formation of shear-induced structures® 8. Tanaka and Edwards
were able to predict the unusual deviation from the Cox-Merz rule behaviour, using a

transient network theory™®.
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Figure 19: Variations of the steady state shear viscosity 77 vs shear rate (o) and of the
magnitude of the complex viscosity 77 vs the angular frequency (A) for Cy = 0.35Wt%,
with R=0.43 at 25<C.
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Figure 20: Variations of the steady state shear viscosity 77 vs shear rate (o) and of the

magnitude of the complex viscosity 77 vs the angular frequency (A) for Cy = 0.7wt%,

with R=0.43 at 25<C.
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Figure 21: Variations of the steady state shear viscosity 7 vs shear rate (o) and of the

maghnitude of the complex viscosity 77° vs the angular frequency (A ) for Cy = 1wt%, with

R=0.43 at 25<C.
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Figure 22: Variations of the steady state shear viscosity 7 vs shear rate (o) and of the
maghnitude of the complex viscosity 77° vs the angular frequency (A ) for Cy = 2wt%, with
R=0.43 at 25<C.

In Fig.23 are represented the variation of the zero-shear complex viscosity as well as the
variation of the low shear rate (10° s™) steady-shear viscosity as a function of the overall
concentration Cy. The obtained values are in satisfactory agreement.

The mixtures maintain a viscosity at least 10000 times higher than that of water even at
the overall concentration Cy=0.35wt%, that is just above the overlap concentration of the
hm-chitosan (0.2wt%). The concentration dependence of the viscosity follows a power
law with an exponent of the order of 3.5 that is much lower than that observed for the
pure chitosan and the hm-chitosan solutions (5.5) (see paragraph I11) but closer to the
values obtained for both associating and non-associating flexible polymers (~4)*-0¢,
Even at high shear rate (100s™), the viscosity of the mixture is at least 80 times higher
than that of water, even at very low overall concentration, and keeps increasing with Cy

(cf. Fig.24).
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Figure 24: Variation of the high shear rate viscosity vs Cy values for R=0.43 at 25 C.
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Rheological experiments performed in the oscillatory linear regime alow the
determination of the frequency dependences of the storage (G) and loss (G') moduli.
Typicd variations for mixtures at various overall concentrations, from 0.35wt% to 2wt%,
and with R=0.43 are represented in Figs.25-28. One observes qudlitatively the same
behaviour in the whole concentration range, that is a crossing of the G(w) and G (o)
curves and a more or less marked dip at high frequency depending on the value of Cy. A
well defined plateau modulus Gy at high frequencies cannot be observed, as was the case
with the EHAC/hm-HPG systems. This may be associated with a higher polydispersity of

the chitosan sample.

Values of Gy = 2G e are reported in Table 2. The terminal relaxation time Tg,
determined from the crossing point of the curves G(w) and G (), according t0 @hexTr
=1, exhibits a minimum for Cy=0.7wt% (Table 2). The minimum which is observed for
G at the circular frequency am (Figs.25-28) corresponds to the crossover between the
reptation controlled stress rel axation and the Rouse modes (cf. Chap.111). Itslocation goes
through a maximum a Cy=0.7wt%. Such a non monotonic behaviour reflects the
complex interplay of the concentration and composition effects in the mixtures. However,
it must be noted that the values of Tr determined from the relation @hexTr =1, do not
correspond to the terminal relaxation time because of polydispersity effects. Also, the
characteristic frequency @ is not well defined, considering the smoother shape of G (o)
and G () as compared to that of the EHAC/hm-HPG system.

On the other hand, the plateau modulus increases monotonically with the concentration,

according to a polymer law with exponent close to the theoretical value of entangled
polymers ( Go~C¥*®! (Fig.29).
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Figure 25: Sorage (G) and loss (G ) moduli as a function of frequency for Cy=0.35

wt%, R=0.43, at 25 C.
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Figure 26: Sorage (G) and loss (G ) moduli as a function of frequency for Cy=0.7

wt%, R=0.43, at 25 C.
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Figure 27: Storage (G) and loss (G ) moduli as a function of frequency for Cy=1 wt%,

R=0.43, at 25 <.
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Figure 28: Sorage (G) and loss (G ) moduli as a function of frequency for Cy=2 Wt%,

R=0.43, at 25<C.
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Cw 0.35wit% | 0.7wt% 1wt% 2Wt%
Tr(9) 121 60 380 983

am (rad.s?) 0.024 0.060 0.020 0.0127
Go=2G max (Pa) 0.16 1.362 2.64 8.82

Table 2: Effect of the overall concentration Cy of the mixture on the terminal relaxation

time Tr, the dip location @y, and the modulus at the crossing point for solutions with a
ratio R=0.43.

G, (Pa)

9/4

10" —————————
10" 10°
C,, (wt%)

Figure 29: Modulus Gy versus Cy for systems with R=0.43.
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IV.2.b. EHAC/hm-chitosan mixtureswith R=0.2

Figure 30 shows the steady shear viscosity versus shear rate for hm-chitosan/EHAC
mixtures at different overall concentrations Cy, from 0.35wt% to 2wt%. Again, an
increase of viscosity is observed with the overall concentration Cy. The flow curves of

Fig.30 plotted in the representation 7= f (o) (Fig.31) present a well-pronounced sharp

drop of viscosity at a shear stress o that increases with the overall concentration Cy.

The low shear viscosity and the high shear viscosity obtained for R=0.43 and R=0.2 (that
is in the range of optimal synergy) versus the overall concentration Cy are reported in
Figs.32 and 33. The overd| variations follow the same trend for both R=0.2 and R=0.43.
Moreover, the zero-shear viscosity of the mixtures is much larger than that of the hm-
chitosan solutions (R=0) in the whole concentration range. However, the viscosity ratio
Mo mixture/ o hm-chitosan  t€NAS t0 decrease upon increasing the overall concentration,
indicating a progressive decrease of the synergy. The same behaviour was observed for
the hm-HPG based mixtures (cf. Chap.Il1).
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Figure 30: Variations of the steady-state shear viscosity vs shear rate for different Cy
values (o Cy =2wt%, A Cy =1wt%, o Cy =0.7wt%, ¥ Cy =0.35wt%) with R=0.2 at
25C
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Figure 31: Variations of the steady-state shear viscosity vs shear stress for different Cy
values (o Cy =2wt%, A Cy =1wt%, o Cy =0.7wt%, ¥ Cy =0.35wt%) with R=0.2 at
25C
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Figure 32: Variations of the low shear rate viscosity (10°%s") vs Cy for R=0.43 (o),
R=0.2(e) and R=0(A), at 25<C.
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Figure 33: Variations of the high shear rate viscosity (100s™) vs Cy for R=0.43 (o) and
R=0.2 (o), at 25<C.

CONCLUSION

This study has allowed us to show the generality of the synergistic effect that occurs in
mixtures of hydrophobically modified polymers and wormlike micelles. This conclusion
is also supported by another recent report on EHAC/hm-polyacrylamide®.

The synergy is optimal for a composition range 0.2 < R < 0.43, which corresponds to
systems containing about 70-80% (in wt%) of hm-polymer. The synergy is maintained
upon increasing the concentration at least up to an overal concentration Cy=2wt%, but
tends to vanish at high concentration as in the case of the EHAC/hm-HPG mixture.

The comparison between the results obtained for the EHAC/hm-HPG and EHAC/hm-
chitosan mixtures respectively shows that the latter is more efficient to enhance the zero-
shear viscosity, as shown by alarger ratio of the zero-shear viscosity 7o mixture/ 770 hm-polymer
at the optimal composition. Nevertheless, the zero-shear viscosity at the maximum is
lower than that of the EHAC/hm-HPG system. These results are quite important from an
applicative point of view, as discussed before.
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The shapes of the flow curves of most of the mixtures indicate a complex rheologica
behaviour with two characteristic critical shear rates, probably reflecting successive
rearrangements of the transient physical network under shear.

Contrary to the commercialised hm-HPG, the hm-chitosan was synthesized from a
chitosan precursor, thus providing a large number of degrees of freedom regarding the
choice of the length of the hydrophobic chain as well as its concentration. In this work,
we did not study the interplay between these parameters and we only investigated the C;;
n-alkyl-chitosan having a concentration of 5% molar alkyl chains. Various options
remain open for further investigations of these complex systems and to optimize, from an
applications point of view, the properties of the mixtures.
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GENERAL CONCLUSION



This work was focused on the determination of the structural and dynamic properties of
two hydrophobically modified natural polymers, one having a low molecular weight, the
other having a much higher one, a viscoelastic surfactant and more specifically mixtures
of both types of components. The aim was to develop a greater in-depth understanding, at
the molecular level, of the interactions between the hydrophobic groups on the polymer
and the surfactant micelles and of the blend structure in order to help the formulation of a
“hm-polymer/VES based fracturing fluid”. This should have a greater ability than
existing fluids to meet, at a low cost, the required characteristics. having a sufficient
viscosity, having the ability not to enter too easily the pore throats of the subterranean

formation so creating minimal damage to its permeability.

We first investigated the structural and dynamic properties of the micellar solutions of a
cationic surfactant that has been shown to form efficient fracturing fluids, the erucyl bis-
(hydroxyethyl)methylammonium chloride (EHAC), blended with 2-propanol in the
presence of KCI, using light scattering and rheological experimental techniques. This
surfactant is particularly interesting from an applications point of view as it has the
property to self-assemble into giant wormlike micelles in the presence of salt, at very low
concentration, giving rise to highly viscoelastic fluids in comparison with other
conventional viscodl astic surfactants.

The viscoelastic data of EHAC performed in the linear regime, at high salt concentrations
and at various temperatures, were anaysed by means of three independent methods of
measurement of its scission energy, using all the features of the complex shear modulus
spectrum, including the Rouse modes. An inconsistency between the high vaue of the
Eqiss determined by Raghavan and Kaler' and the lower values obtained in our study was
explained by considering that the free energy of scission could contain a large entropic
term, possibly associated with the rearrangement of counterions upon formation of an
end-cap®>.

A light scattering study of the micellar growth induced by an increase of surfactant
concentration was done comparing for the first time, quantitatively, the experimentally
measured concentration dependence of the radius of gyration of the micelles with the

mean-field and scaling models derived for linear micelles. The presence of large

237



aggregates, possibly rings or microgels, in the vicinity of C* was concluded, as aready
observed for low-ionic strength micellar solutions of surfactants with a large scission

energy™®.

The comparison between the zero-shear viscosity behaviours of the non-modified
hydroxypropyl guar (HPG) and the corresponding hydrophobically modified
hydroxypropyl guar (hm-HPG) shows a decrease of the intermolecular associations upon
increasing the temperature.

The study of the linear and non-linear rheological properties of agueous solutions
containing both wormlike micelles of the EHAC surfactant and the hm-HPG polymer
revealed a strong synergistic effect between both components at an overall concentration
extending from 0.07wt% to 1wt%. This synergistic behaviour is the signature of strong
interactions between EHAC wormlike micelles and hm-HPG associating chains. These
interactions were confirmed by the fact that the increase of the zero-shear viscosity
occurs at an overal concentration of the order of C'gqac and, depending on the
temperature, smaler or equa to Cpmupc. The synergistic effect is maintained at
temperatures up to 60°C, and despite its shear dependency, sufficient viscosity from the
applications point of view can be maintained up to a shear rate of 100s™.

The combination of linear and non-linear rheological measurements allowed us to show
that the synergy results from an increase of the lifetime of the crosslinks, which suggests
the formation of crosslinks between the micelles and the polymer chains. A maximum of
the viscosity is observed for a certain composition of the mixture, when the polymer
concentration roughly represents 70-80% by mass of the overall mixture concentration.
This result is particularly interesting from an applications point of view as the cost of the
VES is 1.25 times higher than that of the polymer on a mass basis. Moreover, this
maximum is independent of temperature and is still found at a shear rate of 100s™.

No model has been developed to describe the non-linear flow behaviour of
hydrophobically modified polymers. Both our results on the hm-HPG behaviour and
those of Aubry and Moan show the existence of an intermediate regime between the
Newtonian one and the shear stress plateau, probably associated with stretching and

orientation of the chains®. The shear stress plateau might still be the signature of a shear

238



banding instability. In order for the instability to occur, the crosslinks between the
associative units must be broken, and therefore the limiting step in the process will be
controlled by the lifetime of the junction points, in agreement with the conclusions of
Aubry and Moan®. The non-linear rheology of the mixtures of EHAC and hm-HPG
systems presents qualitatively the same features as those of hm-HPG polymers aone.

The likely interaction mechanism between micelles and associating polymers might be
the formation of an interpenetrating network of wormlike micelles and hydrophobically
modified chains where most of the polymer hydrophobic sequences are embedded within
the wormlike micelles. Possibly some binary (or multiple) crosslinks are still present and
also some free “stickers’. So in the entangled state the polymer motion, that is reasonably
described by the sticky reptation model”® ,is somewhat hindered by the residence time of
the sticker within the micelle, which islikely to depend on the micelle lifetime.

A lesser or suppressed synergy was observed at high concentrations or at high
temperature. In the high concentration regime, the density of crosslinks between the
stickers might increase. The effect of these crosslinks possibly overcomes that of the
stickers embedded in the micelle. Also, there may be some intermicellar branching that
reduces the viscosity’. At high temperature, the micelles become much shorter.
Therefore, the contribution to the viscosity from the wormlike micelles is decreased.
Moreover, a high temperature, the micelles might become short enough to the point
where they stop being efficient bridges between the polymer chains. In this limit, the
surfactant will only decorate the hydrophobic sequences and the viscoelastic behaviour
should tend to that of the unmodified polymer at the concentration of the modified

polymer in the mixture.

The study presented in the last chapter on the rheological behaviour of the non-modified
chitosan showed the classical behaviour of conventional polymers. Nevertheless, a
difference was observed in the abnormally high value of the exponent of the dependence
of the zero-shear viscosity 770 on the polymer concentration, as aready shown by other
authors'®*2. This effect may be related to the occurrence of specific interchain
interactions leading to the formation of aggregates™. The rheological behaviour of the
modified chitosan is similar to that observed with the hm-HPG.
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The study on the linear and non-linear rheologica properties of agueous solutions of hm-
chitosan and its mixture with erucyl bis-(hydroxyethyl)methylammonium chloride
(EHAC) surfactant, has demonstrated the generality of the synergistic effects that exist in
mixtures of hydrophobicaly modified polymers and wormlike micelles. Once again, a
maximum of the synergy is observed for the same composition of the mixture, when the
polymer concentration roughly represents 70-80% of the overall mixture concentration.
The mixture composition at the maximum is independent of the overall concentration.

The synergy observed between EHAC surfactant and hm-chitosan appears to be stronger
than that observed with hm-HPG. This is reveded by the larger amplitude of the
maximum in the zero-shear viscosity. Nevertheless, the zero-shear viscosity at the
maximum is lower than that measured for the EHAC/hm-HPG system.These results are
quite important from an applications point of view. The choice of the system will be
eventualy dictated by the concern of the damaging produced in the formation by a high

molecular weight polymer and the cost of the product.

The shapes of the flow curves of most of the mixtures have indicated that the behaviour
of the mixtures under shear is really complex due probably to some successive
rearrangements of the transient physical network. Thisis an areathat carried benefit from

further studies, linking rheological and structural characterisation techniques.

Severa issues concerning the fundamental properties of the hm-polymer/VES mixtures
are still open. The schemes proposed to explain the rheological behaviour of these
systems are rather qualitative and a real quantitative model describing the coupled flow
of wormlike micelles and hydrophobically modified polymersis still lacking. Some other
visualisation and structure probing techniques, such as neutron scattering and CryoTEM,
could bring further useful information on the structural and dynamica properties of the
blends.

However, the present study must be considered as a starting point for further
investigations of such systems. This work has therefore given considerable insight into
the bulk and microstructura behaviour of hm-polymer/VES mixtures. It has also

provided good guidelines for the design of such fluids for industrial applications, such as
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oilwell fracturing. A lot of other parameters still need to be evaluated to fully understand

the interaction mechanisms, such as the length, distribution and concentration of the

hydrophobic side-chain of the polymer. From an oilfield applications point of view, hm-

polymer/VES mixtures have shown some redly interesting advantages compared to the

pure polymeric or pure VES systems and various options remain open to continue to

investigate these complex systems and to optimize their properties for different uses.
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