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Abstract 

The occurrence of an ultra-low interfacial tension at an oil/water interface is necessary in 
order to mobilise oil trapped by capillary forces in reservoir rocks. Majority of these 
systems utilise surfactants or surfactant mixtures to accomplish the required low tension 
under reservoir conditions. However, the mechanism by which a surfactant molecule 
adsorbs at the oil/water interface from a micellar solution, and lowers the tension to ultra- 
low value has rarely been described in the literature. 

At the first stage of this project, the objective was to investigate the adsorption kinetics of 
a homologous series of nonionic surfactants at an oil/water interface. For this, the 
dynamic interfacial tension between the surfactant micellar solutions and a series of 
alkanes was measured and reported as a function of time using the spinning drop method. 
The data were analysed and interpreted as a function of the surfactant structure, 
hydrocarbon chain length, equilibrium time, temperature, and aggregate size. The 
aggregate (micellar size) was determined using photon correlation spectroscopy (PCS). 
The experimental results showed that low interfacial tensions can be achieved with 
nonionic surfactants. However, the existence of low interfacial tension depends on the 
structure of the surfactant, hydrocarbon chain length, and temperature. 

In the second stage of this project, the low tension data obtained for equilibrated middle 
phase microemulsions for the mixed surfactant systems as a function of the surfactant 
head group was then correlated with that obtained for unequilibrated systems. The other 
parameters that affect the phase behaviour of microemulsions formulated with the mixed 
surfactants, such as alkane carbon number (ACN), mixture of oils, salinity, temperature, 
type and concentration of alcohols were also investigated and reported. The solubilisation 
parameters and corresponding change in phase volumes were also reported. 

The purpose of the third stage of this study is to investigate surfactants that can produce 
low interfacial tension under reservoir conditions with low to high salinity of brine at 
elevated temperature. Moreover the product selected should be economical and easy to 
handle. Considering these design limitations, the surface and micellar properties of the 

alkyl ethoxylated carboxylic acid surfactants were investigated as a function of salinity, 
pH, temperature, and the number of ethylene oxide units in surfactant molecule. The pH 
of the aqueous surfactant solutions was found to a have considerable effect on the 
hydrophilicity of alkyl ether carboxylic acid surfactants. This property was ftirther 

exploited and phase behaviour of pH-dependent microemulsions was investigated. The 

effect of increasing the pH of the aqueous solution, which contains surfactants with 
differing numbers of ethylene oxide units, was studied along with the salinity and 
temperature requirements for the middle phase microemulsions (Winsor's Type-111). 

In the final stage, the sodium salts of ethoxylated anionic surfactants were mixed with a 
petroleum sulfonate, and phase behaviour studies were made as a function of surfactant 
composition in mixtures, mixture concentration, salinity, alkane carbon number (ACN), 

and temperature. The corresponding change in phase volumes and solubilisation 
parameters were also reported as a function of salinity and temperature. It is this type of 
surfactant system which is likely to be of use in EOR due to its relative insensitivity to 
temperature and salinity. 
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Chapter I 

Introduction 

The widespread admittance that the world's current petroleum crude reserves are 
insufficient to maintain the present rate of consumption, has led to efforts to improve the 
efficiency of petroleum recovery from underground reservoirs. Currently 50% to 60% of 
the crude oil is left in the reservoir rocks when the well is exhausted [1]. Such oil 
ganglia remain trapped in small pores by the capillary force due to high interfacial 

tension between the oil and water. Subsequent research has linked the residual oil 
saturation with capillary number, a ratio of the viscosity forces to the interfacial forces 
(N, =ýN/7 where N, is the capillary number, ýt is the viscosity of displacing fluid, V is 

the interstitial velocity, and 7 is the interfacial tension between oil and displacing fluid). 

It has been shown experimentally that capillary-trapped oil can only be efficiently 

recovered when capillary number is increased by 3 to 4 orders of magnitude [2]. Such 

values in practice can only be achieved by using an appropriate surface active agent that 

adsorbs at the oil/water interface and lowers interfacial tension to the range 10- 1 to 10-4 

mN/m or even lower [1,3]. 

It is apparent from the literature that there are two regions of ultra-low interfacial 

tension in the surfactant/oil/brine system [7]. At low surfactant concentration (in the 

range close to CMC of the surfactant) region, the system forms two phases, in which the 

surfactant micellar phase is in equilibrium with the oil phase and at higher surfactant 

concentration (around 4.0 to 8.0%), a surfactant rich middle phase is in equilibrium with 

excess oil and brine. These systems have demonstrated efficient oil recovery in the 

laboratory core floods. Thus, investigations involving the phase behaviour of 

microemulsion-forming systems, following the phase equilibria described by Winsor, 

has been the design criteria of the improved oil recovery processes. Bourrel et al. [4] 

have proposed a correlation which relates the ultra-low interfacial with the optimum 

30 



Introduction Chapter I 

solubilisation parameter; the middle phase microemulsion that solubilises an equal 
volumes of oil and water as a ftmction of one of the system parameters. This correlation 
was ftirther theoretically extended by Huh [5] and experimentally confirmed by Graciaa 
et al. [6]. A practical benefit of this correlation is that instead of carrying out rather 
difficult interfacial measurements, easy phase behaviour determinations can be 
performed. 

Unfortunately, one of the major constraints related to the suitability of a surfactant 
flooding process are the economic aspects. In last three decades, most of the phase 
behaviour studies were carried out on the concentrated surfactant systems forming the 
middle phase microemulsion coexists with excess oil and brine phases. As mentioned 
above, ultra-low interfacial tension can also be obtained at low surfactant concentration 
for two phase system with petroleum sulfonates [7]. However, this is not an isolated 

case; at CMC two phase systems do exhibit very low interfacial tension. This property 
of the surfactant systems has been ignored in the past in preference to the 
microemulsion systems on the proposition that concentrated systems can propagate 
more rapidly in reservoir environments. If adsorption of the surfactant can be reduced 
significantly by better understanding of the factors influencing the adsorption process, 
then it expected that the surfactant flooding at low concentration (concentration in range 
close to CMC) may become economical. 

It has been assumed that the surfactant flooding process is an equilibrium one, and the 

progression of the surfactant slug in the reservoir is a succession of equilibrium states. 
However, current evidence shows that the dynamic interfacial tension developed in the 

surfactant flooding application is significantly lower than the equilibrium interfacial 

tension [8]. It is therefore, presumed that if, as a consequence of the changing 

environment and changing compositions of moving surfactant slug in the porous rocks, 
the system is in dynamic state, then the dynamic IFT would be considered a vital 

parameter in mobilising the trapped oil ganglia. Under such circumstances, it is 

important to investigate the systems at low and as well as at high surfactant 

concentrations. Thus, for systems having low surfactant concentration, it is necessary to 

have a better understanding about the parameters which influence the micellar and 

surface/interfacial properties of surfactants. In order to understand how a surfactant 

molecule adsorbs at the oil/water interface and lowers the interfacial tension, the kinetic 

adsorption behaviour of micellar solutions at the oil/water interface should be 

investigated. This depends on the way the surfactant molecule diffuses from the bulk 

solution and adsorbs at the interface. By measuring the dynamic interfacial tension at 

the oil/water interface as a function of time, it possible for one to study the mechanism 
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by which a surfactant molecule adsorbs at the interface and then lowers the interfacial 
tension. 

The objective of first stage of this project was to investigate the dynamic adsorption 
behaviour of surfactants at the oil/water interface. In order to keep the system more 
practical and simple, we have selected a homologous series of ethoxylated nonionic 
surfactants having ethylene oxide numbers 5,6,7, and 10. The dynamic interfacial 

tension between the micellar solutions of these surfactants and alkanes (Heptane, 
Octane, Decane, Dodecane, Tetradecane, and Hexadecane) were determined as a 
function of time using the spinning drop apparatus at a constant temperature of 25 OC. 

These results are reported in Chapter 4. A correlation between the time required for the 
dynamic interfacial tension to reach a steady state value and the aggregate size was 

established as a function of the number of ethylene oxide units in the surfactant 

molecule. The aggregate size was measured using photon correlation spectroscopy 
(PCS); a dynamic light scattering technique. In order to investigate the effect of 
temperature on aggregate size of an ethoxylated nonionic surfactant, and hence on the 

interfacial tension, a correlation between the aggregate size and interfacial tension 

between the micellar solution of surfactant NP-7 and octane was also established. 
Finally, the dynamic adsorption behaviour of slowly adsorbing surfactant, NP-6, from 

aqueous micellar solution to an oil/water interface was investigated and interpreted 

using the theory developed by Rillaerts [9] and further used by Fainerman [10]. 

At the second stage of this project, two ethoxylated nonionic surfactants, one with a 

small number of ethylene oxide units (NP-5) and other with large number of ethylene 

oxide units (NP-15) were blended together following the linear mole fraction mixing 

rule. A series of intermediate surfactants were obtained with a difference of 0.2 ethylene 

oxide units. The pure and as well as the mixed micellar behaviour of these surfactant 

blends was investigated and presented in Chapter 5. The critical micelle concentration 

of intermediate surfactants were then determined from the intersection point of the 

surface tension-surfactant concentration curves passing through the data. Mixed micelle 

theories, developed for ideal and nonideal bi-surfactant mixtures, were applied to CMCs 

of these mixtures. It is also shown that for a particular lipophilic group, the aqueous 

solubility of a pure ethoxylated nonionic surfactant depends on the number of ethylene 

oxide units in the surfactant molecule. The phase behaviour studies of mixed 

surfactants(+co-surfactant)/alkanes/brine systems were investigated as a function of one 

of the system variables, such as temperature, number of ethylene oxide units, salinity, 

alcohol type and concentration, and are reported in Chapter 6. Interfacial tensions and 

solubilisation parameters were determined on prequilibrated surfactant/oil systems. For 
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ethoxylated mixed surfactant systems, the variations of phase volumes as a function of 
one of the system variables are also studied and reported in Chapter 6. 

In oil wells, the surfactants frequently need to be able to operate at relatively high 
salinity and temperatures. Extensive research on commercial anionic surfactants 
(petroleum sulfonates) has revealed that these surfactants are highly sensitive to salinity 
and relatively insensitive to temperature. The aqueous salinity required to form an ultra- 
low interfacial with the petroleum sulfonates is extremely low, in the range of a few 

grams/100 millilitres. The electrolyte composition of reservoir brines is generally 
unsuitable for surfactant flooding, and a preflush is required which is a cost effective 
process. There are many reservoirs in North Sea which contain medium to high salinity 
brine [11] where the use of the commercial petroleum sulfonates is not possible. 

On the other hand nonionic surfactants have better tolerance to mono and divalent ions 

than anionic surfactants, but show higher adsorption on the reservoir rocks. The poor 
tolerance of anionic surfactants to salinity may be overcome by using anionic 
surfactants, with built-in nonionic character such as a polyoxyethylene chain. This type 

of surfactant has started to receive attention because of their thermal and chemical 
stability [12], a good tolerance to mono and divalent ions [12-13], and relatively low 
loss on reservoir rocks through retention [ 14]. 

Thus in the third stage of this project, a series of alkyl polyether carboxylic acid 

surfactants were selected as model surfactants for improved oil recovery process. Since 

these surfactants contain polyoxyethylene chains and a carboxylic acid group in the 

hydrophilic moieties, increasing the number of ethylene oxide units or ionising the 

carboxylic group with a strong base such as NaOH, both increases the hydrophilicity of 

the surfactant which in turn effects the surface and micellar properties of the surfactant 

solution. The aqueous properties studied were the effect of pH on surface tension, effect 

of pH and degree of ethoxylation on critical micelle concentration, temperature, effect 

of pH, temperature, and electrolyte concentration on aggregate size and effect of pH on 

cloud point. The results obtained are reported in Chapter 7. Results shown in Chapter 7 

indicate that the surface and micellar properties of alkyl polyether carboxylic acid 

surfactants substantially change when the number of ethylene oxide units and pH of the 

surfactant solution are varied. It has been found that increasing the degree of 

ethoxylation and pH made the surfactant molecule more hydrophilic. These properties 

of alkyl polyether carboxylic acid surfactants were exploited and phase behaviour of pH 

dependent microemulsions was investigated and reported in Chapter 8. The system 

parameters that normally affect the phase behaviour of a conventional 
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surfactant/oil/brine systems such as effect of temperature, salinity, type and 
concentration of co-surfactant (normal alkanols), and degree of ethoxylation were also 
investigated and are discussed in Chapter 8. The solubilisation parameters and 
interfacial tension between the surfactant micellar solution and octane were determined 

and are also reported in Chapter 8. 

In the final stage of this project, a commercially available petroleum sulfonate 
(Petronate HL) was mixed with the alkyl polyether carboxylates (PH=7-8) and their 

phase behaviour studies in oil/brine systems were investigated as a function of 

surfactant composition in the mixture, salinity, alkane carbon number (ACN), and 
temperature. The influence of surfactant composition on the phase volumes, interfacial 

tension and solubilisation parameters were also investigated. These results are discussed 

and reported in Chapter 9. General conclusions and discussions are presented in the last 

chapter of this thesis. 
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Chapter 2 

Surfactant Behaviour in Aqueous and Non-polar Media: 
A Review 

2.1 INTRODUCTION 

Surfactants are amphiphilic molecules having a distinct hydrophilic head group 
and a hydrophobic tail. The word "surfactant" a diminutive form of the phrase, 
SURface ACTive AgeNT. Surfactants are the materials that tend to adsorb at the 

surfaces/interfaces, and change the properties of these surfaces/interfaces. 

The structural features of these molecules that are responsible for their surface activity 
will be discussed in this chapter. There are some other factors which influence the 

extent of adsorption at the interfaces and these will also be considered. The study of 
adsorption process at interfaces is a fundamental and important aspect in understanding 
the properties of the surfactants, since it is the change in the free energy and surface 
charge resulting from the adsorption of surfactants which in turn makes these materials 
capable of acting as emulsifying agents. For enhanced oil recovery, it is essential that 
the surfactants should be capable of yielding the maximum solubilisation and of 
inducing ultra-low interfacial tension between oil and water systems to mobilise the 

trapped oil phase. Therefore, it is necessary to understand the adsorption phenomena of 
the surfactants at air/water and water/oil interfaces. The literature indicates that two low 

interfacial tension regions can be attained from the adsorption of surfactants at oil/water 
interface, one at low surfactant concentration (around 0.1%) and other at a high 

concentration (4%-8%) [1]. In the low surfactant concentration region, a surfactant 
micellar phase is in equilibrium with an oil phase. However, in the high concentration 
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region, a middle phase microemulsion is in equilibrium with excess oil and brine 
phases. Thus phase behaviour studies of surfactant/oil/water systems are very important 
and provide a basic tool in understanding and predicting the formation and displacement 
of microemulsions and other phases in reservoir rocks. Important physical properties 
which influence the oil displacement efficiency, such as interfacial tension and 
viscosity, are strongly related to phase behaviour. In this chapter, it is systematically 
discussed how the structure of a surfactant molecule and other system parameters affect 
the surface, and interfacial properties of an oil and water system. 

2.2 GENERAL CLASSIFICATION OF SURFACTANTS 

A surfactant molecule consists of two segregated portions namely the 
hydrophilic and hydrophobic groups. The hydrophobic moiety is most often a long- 

chain hydrocarbon group, most frequently consisting of 8 to 18 carbon atoms. These 

chains may be straight or branched, saturated or unsaturated, aromatic, aliphatic or both. 
The classification of such materials is usually based on the hydrophilic moiety and 
following represent the ma or classes. i 

2.2.1 Anionic Surfactants 

Anionic surfactants in the aqueous solution are negatively charged, and have a 
corresponding metal cation, usually a sodium ion. In an aqueous solution, the surfactant 

molecules ionises to free cations and anions as surfactant monomers. The anionic 

groups include the traditional soap K02 the sulfonate (-S03 and the sulphate 
OSOO molecules. The major advantage of the sulphates and sulfonates over the 

carboxylates is their greater tolerance to divalent metal ions in hard water (e. g. Ce+ and 
Mg++ cations). Anionic surfactants are the most frequently used in chemical flooding, 

especially sulfonates, because they are stable, show relatively high resistance to 

retention, and can be made relatively cheaply. 

2.2.2 Cationic Surfactants 

if the polar portion of the surfactant molecule is positively charged, they are 

named as cationic surfactants. In this case, the positively charged cation is balanced by 

an inorganic anion. Examples of this type of surfactants are quaternary ammonium, 
imidazolinium. or alkyl pyridinium compounds. Cationic surfactants are hardly used in 

Micellar-Polymer (M. P. ) flooding because they are highly adsorbed by the anionic 

surfaces such as clays, silica etc. 
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2.2.3 Nonionic Surfactants 

Nonionic surfactants are a class of surfactants where the hydrophilic head group 
has no charge in aqueous solution, but derive their water solubility from uncharged but 
polar groups such as a polyoxyethylene (-OCH2CH2)nOH chain. This class of surfactant 
also includes several semi-polar compounds such as the amine oxides, sulfoxides and 
phosphine oxides. Recently a variety of other nonionic head groups has been 
introduced, for instance pyrrolidones [2] and sugars [3] etc. Ethoxylated nonionic 
surfactants are extensively used in Micellar-Polymer (MP) flooding, as co-surfactants. 
They are also considered as primary surfactants in MP flooding because they are much 
more tolerant to high salinity than anionic surfactants. 

2.2.4 Amphoteric Surfactants (Zwitterionies) 

This class of surfactants contains both a negative and a positive charge, such as 
the sulf6betaines (RN+(CH3)2CH2CH2SO3-). They are basically formulated by 

combination of anionic and cationic moieties. This surfactant species is hardly used in 

the oil recovery because of their high cost and adsorption level. 

2.2.5 Combination Surfactants 

The combination of anionic and nonionic surfactant head groups are increasingly 

being used. The most common are those which have different anionic head groups with 
different number of polyoxyethylene units in surfactant molecule, for example - 
(OCH2CH2),, OS03- and -(OCH2CH2),, CH2COO etc. The literature indicates that such 

surfactant species have a great potential for enhanced oil recovery processes. Because of 

their higher stability of temperature, greater tolerance to electrolyte concentration, low 

interfacial, and low adsorption to the reservoir rocks, these materials have achieved a 

greater attention of oil exploiters. Previous investigations have shown that replacing 

primary petroleum sulfonates with ethoxylated sulfonates, the optimum salinity (NaCI) 

for middle phase microemulsions can be improved as high as 32 % in brine [4]. 

Currently, it has been found that ethoxylated sulfonates can be made more flexible to 

electrolyte concentration simply by adjusting the structure of the alkyl chain and the 

number of ethylene oxide units in the surfactant molecule [5]. These surfactants have 

high solubilisation parameters with high salinity brine which is an important 

physicochemical property related to ultralow interfacial tensions and a high recovery 
factor [6]. Like ethoxylated sulfonates, the use of ether carboxylates was also described 
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in terms of their excellent temperature, electrolyte, and hard water stability and low 
interfacial tension [7]. These surfactants have also been used in combination with 
petroleum sulfonates as a co-surfactant [4]. 

2.3 MOLECULAR STRUCTURES OF SURFACTANTS 

The Figures (2.1a, b, c. ) show the molecular structures of common pure 
commercial petroleum sulphate and sulfonates alongwith their shorthand notations of 
the monomers. 

c 

(a) Sodium Dodecyl Sulphate 

c / 
cc 

c0 
(b) Texas no. I sulfonate 

0 

s oNa 

R= Hydrocarbon group (nonpolar) 

Na 

Na 

(c) Chemical structure and shorthand notation of a typical Commercial 

Petroleum Sulfonates 

Figure 2.1: Chemical structures of pure anionic surfactants 

The ampiphilic nature of surfactant molecule is responsible for the phenomenon of 

surface activity and hence micellisation which will be discussed in detail in this chapter. 
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The most widely used primary surfactants in the microemulsion flooding are the 
petroleum sulfonates. They are generally synthesised by sulfonation of an intermediate 
molecular weight refinery stream, such as lube oil, or even a crude oil itself. The final 
product is a complex mixture of components having different molecular weight, 
structure and degree of sulfonation. Average molecular weight range from 350 to more 
than 500. However, the selection of a model surfactant for an EOR process depends on 
the reservoir properties (reservoir water salinity, reservoir temperature, type of rock, and 
type of crude oil, etc. ) which is usually subject to variation from place to place. For 
instance, there are several oil fields in North Sea which contain salinity as high as 20 
gm/100ml. Since surfactants generally dissolved in water, the total salinity and the 
composition of reservoir brine is extremely importance in selection of an appropriate 
surfactant. Akstinat [8] has reported a number of tables for surfactants those are 
available commercially, and those which have been described as effective for EOR 
processes. 

2.4 AQUEOUS BEHAVIOUR OF SURFACTANTS 

2.4.1 Surfactant Aggregation or Micellisation 

When curves are drawn illustrating the variations with surfactant concentration 
of various physical properties, it is often observed that the curves show a series of sharp 
breaks when it reaches to a critical value. Such a series of curves is illustrated in Figure 
2.2. It is generally accepted that the initial sharp change in the property/concentration 
curve indicates the commencement of the formation of aggregates, or micelles, of the 

surfactant molecules [9]. This concentration at which there is a dramatic change in the 

physical state of the surfactant molecules occurs, is known as the 'critical micelle 
concentration' or CMC. For example, measurement of surface tension of an aqueous 
solution as a function of surfactant concentration is the most commonly used method for 
determining the CMC. The surfactant monomers adsorb at air/water or oil/water 
interface below the CMC and lowers the surface/interfacial tension whereas the 

surface/interfacial tension remains constant above the CMC. Therefore, over a fairly 

narrow range of concentration, the physical state of surfactant molecules dissolved in 

water changes dramatically. Below CMC, the surfactant molecules remain as an 
independent monomer whereas above CMC, addition of surfactant increases the micelle 

concentration, with the concentration of free surfactant molecule remains constant. 
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Figure 2.2: Effect of surfactant concentration on their physical properties around 

critical micelle concentration (CMC). (After Lindman, 1984). 

The surfactant aggregates form in water are pictured as the hydrophilic moiety being in 

contact with water while the hydrophobic chains cluster together so as to minimise their 

contact with water. The free energy change responsible for promoting this kind of 

structure arrangements is often considered the driving force for micelle formation. It is 

also recognised that amphiphilic molecules are the only species that obey the 

aggregation phenomena, and form the micelles. 

2.4.2 Micelle Structure 

The structure of the micelle, originated by the aggregation of the surfactant 

molecules in aqueous media, is of importance in determining various properties of the 

aqueous solution such as viscosity, its capability to solubilise the organic compounds, 

and the cloud point [ 10]. 

The structure of micelles has been a subject of dispute for many years, since early work 

of Hartley [I I] arguing the cases for spherical and lamellar structure. The spherical 

shape was generally accepted as the dominated species in dilute aqueous solution up 

until recent times. McBain [12] proposed that the soap (alkyl carboxylate) micelles 

could be either spherical or lamellar in structure. He resembled the structure of a 

spherical micelle as an aggregate with alkyl groups constituting the interior core and 

anionic group forming the exterior whereas the counterions dissociated in the aqueous 

solution. Tanford [13] prefers the description "disc-like" since the weight of a micelle 
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from transport and equilibrium properties proposes that the structures are better 
described as an oblate spheroid. This suggestion was not, however, universally accepted 
and most of theoretical calculations were based on the assumption of a spherical shape. 

Hartley [11] described the micelle as a roughly spherical aggregate of surfactant 
molecules whose alkyl groups formed hydrocarbon core and whose polar groups formed 

a charged surface. The core of the micelle was described as being essentially liquid-like 

and the radius is no longer than the stretched-out length of the surfactant molecule. As a 
result,, he suggested that the structure should be composed of 50-100 surfactant 
molecules, and the association should occur over a narrow range of concentrations. The 

counterion binding and diffusion coefficient of a micelle, as compared with a single 
molecule,, explain the sudden decrease in the equivalent conductivity of the surfactant 
solution above the CMC. The counterion binding also reduces the repulsion between the 

neighbouring molecules and hence retards the overall mobility of the aggregated 
surfactant molecules in an electric field. This structure of micelle formation has not 

really been superseded although it is recognised that this picture is somewhat simplistic. 

Spherical micelles are generally formed by anionic surfactants. In aqueous media, the 

surfactant molecules with bulky head groups and long, thin lipohpilic chain tend to form 

spherical micelles. However, those with short, bulky hydrophobic groups tend to form 

cylindrical or lamellar micelles [101. Rosen also used the aggregation number data and 

argued that those micelles with modest aggregation numbers (>100) are likely to be 

roughly spherical in form, but as the aggregation number increases, the shape tend to 

pass through disks, rods or perhaps even vesicles. 

Any change in the micellar system that reduces the effective head group area of the 

surfactant molecules, such as addition of a co-surfactant with a compact head group, 

addition of electrolytes, changing the counterion, changing the anion for cationic 

surfactants, and changing the hydrophilicity of non-ionic head groups, will produce an 

effect which may cause a change in size, shape and aggregation number of the micelle 
[14]. 

2.4.3 Factors Effecting the Critical Micelle Concentration (CMC) 

Since the solution properties of surfactants change abruptly when surfactant 

molecules start aggregating, many investigators have been concerned with determining 

the value of CMC with respect to various system variables. The known factors which 

effect the CMC value in aqueous solution are briefly discussed below: 
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2.4.3.1 Effect of Surfactant Structure 

2.4-3.1.1 The Hydrophobic Group 

In aqueous surfactant solution, the CMC of a surfactant molecule depends on a 
number of factors, including the number of carbon atoms in the hydrophobic group, and 
the structural arrangement of the hydrophilic head group. As a rule, for ionic surfactants 
the CMC is halved by the addition of one methylene (CH2) group to a linear chain 
attached to a single terminal hydrophilic group. For nonionic surfactants, the decrease in 
CMC with increase in the hydrophobic group is somewhat larger. An increase of two 
CH2 groups reduce the CMC value to about one-tenth of its last value [10]. When the 
lipophilic tail is branched, the carbon atoms on the branches appear to have about one- 
half the effect of carbon atoms on a straight chain [10]. It has been mentioned that the 
introduction of a polar group, such as -0- or -OH, into the tail generally results an 
increase in the value of CMC. 

2.4.3.1.2 The Hydrophilic Group 

Generally, in an aqueous medium, the CMC of an ionic surfactant is higher than 
the CMC of a nonionic surfactant composed of an equivalent lipophilic tail. As the 
hydrophilic moiety is moved from a terminal position to a more central one, the CMC 
increases. It is found that the CMC is higher when the charge on an ionic hydrophilic 

group is closer to the (x-carbon atom of the hydrophobic group. The order of decreasing 

the CMC in some n-alkyl ionic surfactants is ammonium salts > carboxylates > 

sulfonates > sulphates [ 15]. 

It is has been found in literature that CMC of a surfactant depends on the structure of the 
hydrophilic head group. It has been reported that for surfactants containing more than 

one hydrophilic head group with a particular lipophilic tail, the CMC is higher than that 

which contains only one hydrophilic head group with equivalent lipophilic tail [10]. 
However, for alkyl ether carboxylates, the CMCs are higher and aggregation number is 

smaller than those of corresponding anionic surfactants. The CMC increases with 
increasing EO chain in the surfactant molecule which is an opposite to the results for 

alkyl ether carboxylates (see Chapter 7). 

For non-ionic surfactants having polyoxyethylene chain as the hydrophilic group, the 
CMC in an aqueous medium increases with increasing the number of oxyethylene units 
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in the POE chain. However, the change per oxyethylene unit is much smaller than that 
per methylene unit in the hydrophobic chain. The greatest increase in CMC per 
oxyethylene unit is observed when the polyoxyethylene chain is short and the 
hydrophobic group is long. 

2.4.3.2 Effect of pH 

When the surfactant molecules contain ionisable groups such as -NH2, -(CH3)2N 
-->O and -COOH, the degree of the dissociation of the polar group very much dependent 

on pH [16]. Van Paassen [17], and Stroink [18] described the influence of fatty chain, 
degree of ethoxylation and pH on the surface tension. They have shown that ether 
carboxylates behave as nonionic surfactants at low pH with lower surface tension than 
at higher pH where they behave more as a anionic surfactants. In general, the CMC will 
be higher when the polar group is fully ionised. It is also reported that for surfactants 
with carboxylic head groups, the micelle size is small in acid solution and increases with 
increasing degree of dissociation [19]. Thus it possible to adjust the micelle size by pH 
and choice of salt, which are the important features of emulsification. In Chapter 7, 

several surface and micellar properties of ether carboxylic acid surfactants have been 
investigated as a function of pH. It has been shown that aggregate size in an acid 
solution changes with pH. The effect of temperature on the aqueous solubility of ether 
carboxylates has also been investigated. It has been seen that the surface, and interfacial 

tension increases with increasing pH of acid surfactant solutions [20]. 

2.4.3.3 Effect of Electrolytes 

In aqueous solution, the presence of added electrolyte depresses the CMC, and 

the effect is more pronounced for anionic and cationic than for nonionic surfactants. In 
ionic surfactants, the depression of the CMC due to added electrolyte is mainly the 

result of a decrease in the thickness of ionic atmosphere surrounding the ionic head 

groups. As a consequence of this, decreased electrical repulsion between the charged 

groups within micellar structure enables the micelles to form more easily [2 1 ]. 

The CMCs of nonionic surfactants are comparatively less depressed by the addition of 

electrolytes. This change in CMC has been attributed mainly to the "salting out" or 
"salting in" of the hydrophilic groups in aqueous solution than to specific interaction 

between the added electrolyte and the hydrophile [22-23]. Although Becher [241 has 

suggested that the polyoxyethylene chain possibly possesses a small positive charge that 

might influence the CMC upon addition of electrolytes. 
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At equal concentration, it has been found that divalent anions have a greater effect on 
CMC of nonionic surfactants than do monovalents. Thus the order of effectiveness in 
decreasing the CMC is 1/2SO4 2- >F- >BrO-3 >Cl->NO-3>K+ >Na+ >Ca +2 [23,25]. The 

electrolytes such as Mg(N03)2 and AI(NO3)3 are capable of "salting in" of ethoxylated 
nonionic surfactants. Such salts have cations which form complexes with 
polyoxyethylene chains and resulting an increase in the level of hydration. 

2.4.3.4 Effect of Temperature and Pressure 

In chemical flooding, the surfactant solutions are injected into reservoirs to 
recover the trapped oil in the porous media. The temperature and pressure in such 
applications may high. For example, in Micellar-Polymer flooding, surfactant solutions 
are injected into the reservoir where the temperature may be 120 OC and the pressure 350 
bar or even higher than these. Therefore, it is important to understand the phase 
behaviour of the surfactant solution under such realistic conditions. 

The effect of temperature on the CMC of surfactant solution is rather complex. The 

CMC of an ionic surfactant first decreases and then increases with rising temperature 
[26]. The existence of a minima is the consequence of two opposite forces, one 
dominant at lower temperature whereas the other starts interacting at higher 

temperature. Thus the two main contributions to the free energy of micellisation of ionic 

surfactants are the hydrophobic effect and electrostatic repulsion. The hydrophobic 

effect helps in promoting the formation of micelles whereas the electrostatic repulsion 

opposes it. The relative magnitude of these two opposite effects, therefore, determines 

whether the CMC increases or decreases over a particular temperature range. 

For nonionic surfactants, the CMC also passes through a minima, but the minima value, 
if it occurs, is usually encountered at a high temperature [27]. The temperature minima 
for nonionic surfactants is found comparatively at a higher temperature than the minima 
for ionic surfactants. An increase in temperature tends to decrease the degree of 
hydrogen bonding between water and nonionic molecules. This effect is evident by the 

precipitation of nonionic surfactants at high temperature. Nonionic surfactants also 

experience an inverse solubility and exhibit an upper consolute temperature called a 

cloud point. Increasing the temperature tends to decrease the CMC because the 
hydrophilic interaction responsible for opposing the micelle formation is weakened. 
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2.4.4 Mixed Micelle Formation 

It is found that, in may many industriial and household applications, well chosen 
mixtures of surfactants can be made to perform better than a single surfactant. In many 
cases, investigation of these formulations has been achieved by trial and error, or by a 
series of successive optimisation of performance. As a result of this product 
development, it is found that certain surfactant mixtures are capable of performance 
unobtainable by a single pure surfactant. For example, the formation of an emulsion 
where a mixture of two different surfactants give more stable emulsion than would a 
surfactant having an intermediate properties of the two surfactants in the mixture. 
Another very good example is in the surfactant enhanced oil recovery process where 
complex multiple requirements of low interfacial tension, low adsorption on the 
reservoir rock, and the optimum phase behaviour to ensure uniform advancement of the 
surfactant front through reservoir strata, can only be met by using a well optimised 
mixture of surfactants. 

When two different types of surfactants are mixed in water, the micelles that form are 

mixed. The proportion of each surfactant in the micelles may be very different from its 

overall proportion in the mixed surfactant solution. It is expected that for a binary 

surfactant mixture, the surfactant with the longer lipophilic chain will partition 

preferentially into the micelle. Thus for such a type of surfactant mixture, the micelle 

contains a higher mole fraction of surfactant with the longer lipophilic chain than 

present in the solution. 

It is assumed that certain surfactant mixtures form ideal mixed micelles. In other words, 
the mixed micelle properties can be predicted assuming that the micellar phase is an 
ideal mixture of surfactants [28]. If the CMC follows the mixed ideal theory and 

predicts experimental CMC, the micelles are considered as ideal. 

There are surfactant mixtures that do not follow the ideal mixing theory. For example, a 

mixture of anionic and nonionic surfactants do not obey the ideal mixing behaviour 

[28]. In such cases, the mixed CMC considerably deviates from the ideal predictions. 
Therefore, the calculation required to obtain an adequate prediction of surfactant 

chemical potential must include a nonideality factor in micelle formation. 

The ideal mixed micelle theory initially developed by Lange [291 and extended by Clint 

[30] for binary surfactant mixtures, to include a prediction of surface tension, should 

also apply to the class of ethoxylated nonionic surfactants, whose mixtures have been 
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extensively studied in this work. These compounds contain a distribution of 
polyethylene oxide units which closely approximate a Poisson distribution [3 1] given by 
the relationship as 

ni = 
m'-' exp(-m) nT 

(i 
- 

1)! 
(2.1) 

where m is the average number of ethylene oxide units, i represents the number of 
ethylene oxide units in compound i, and nTis the total moles of surfactant. 

Following the linear mole fraction mixing rule, two ethoxylated nonionic surfactants, 
NP-5 and NP- 15, were mixed, and CMCs of the intermediate mixtures were determined 

by measuring surface tensions. The mixed micelle theory for ideal and nonideal binary 

surfactant mixtures was then derived and applied to mixtures of nonionic surfactants in 

Chapter 5. 

2.4.5 Krafft Temperature 

Ionic surfactants having a definite crystalline structure, show a CMC, and often 
illustrate a break in the solubility/temperature curve. It is shown that aqueous solubility 
of these surfactants increases with increasing temperature, and there is a temperature at 

which the solubility of an anionic surfactant increases very abruptly. This temperature is 
known as the Kraffi temperature [32]. Below this temperature, only dissolved surfactant 

monomers are in equilibrium with crystalline surfactant and their amount is less than the 

critical micelle concentration. As the temperature increases, the aqueous solubility of 

surfactant molecules increases. At the Krafft temperature, the solubility increases 

rapidly because a large number of surfactant molecules are required to the increase 

chemical potential of the monomer. In other words, the Krafft temperature is that at 

which the CMC curve meets the solubility curve. Shinoda [33] regarded the Krafft point 

as the melting point of hydrated surfactant crystals. He also pointed out that it is 

difficult to observe the melted form of the surfactant because it disappears as micelles 

aggregate. 

It has been found in the literature [34] that for the mixture of anionic and nonionic 

surfactants, the Krafft temperature decreases slightly upon introduction of a small 

quantity of the nonionic surfactants. Another effective way of reducing the Krafft point 

temperature of anionic surfactants is to introduce a polyoxyethylene group between the 

alkyl chain and the charged head group. It was observed that the reduction in the Krafft 
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temperature is particularly large for divalent counterions. This indicates an improvement 
in tolerance to the hardness. This is probably the reason that the anionic surfactants with 
built-in nonionic, character have been adopted most frequently for improved oil recovery 
processes in reservoirs that contain high salinity brine [35]. Some micellar and 
microemulsion formulation properties investigated for such type of surfactants are 
reported in Chapter 7 and 8 respectively. 

2.4.6 Cloud Point Temperature 

The temperature at which an ethoxylated nonionic surfactant or anionic 
surfactant with built-in nonionic character, in water becomes cloudy is called as the 
cloud point. At somewhat higher temperatures, the surfactant solution separates into two 
different phases. One of these two phases is surfactant-rich, whereas in the other phase, 
the surfactant concentration is equal to or below the CMC. The structure of micelles in 
the vicinity of cloud point is still controversial. However, it has been stated that micelle 
size increases with increasing temperature [36]. Recent studies indicate that increasing 
the temperature causes an increase in the intermicellar growth, which in turn results in 

an increase in the aggregation number [37]. The nature of the attractive interaction 
between the micelles whose outer surfaces consist of POE chains has been extensively 
studied by Kjellander [38]. He has shown that these interactive interaction between the 

micelles is a result of entropy dominance. 

It is observed that the temperature at which clouds appear depends on the structure of 
the surfactants. It mainly depends on the structure of the alkyl chain and on the number 
of ethylene oxide units in the molecule, however, it has little effect due to the increase 
in surfactant concentration. For a particular lipophilic tail, the cloud point temperature 
increases with increasing the number of ethylene oxide units. However, the relationship 
between the cloud point temperature and the number of ethylene oxide units is not linear 
(see Chapter 5). 

It is also observed that anionic surfactants with built-in nonionic character in water also 
become turbid with increasing temperature. However, the temperature at which 

surfactant solution becomes cloudy depends on the structure of the surfactant. For ether 

carboxylic acid surfactants with a particular lipophilic tail, the cloud point temperature 
depends on the number of ethylene oxide units in the surfactant molecule and on the pH 

of the solution. For ethoxylated sulfonates, Celik et al. [39] have shown that the cloud 

point temperature increases with increasing the number of ethylene oxide units in the 

surfactant whereas it decreases with increasing the salt concentration. They have also 
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shown that increasing the surfactant concentration has no significant effect on cloud 
point. Studies involving the investigation of cloud point measurements of an ether 
carboxylic acid surfactants with 7 number of ethylene oxide units has been carried out in 
this work. It has been shown that for ether carboxylic acid surfactant with a particular 
lipophile, the cloud point temperature depends on the solution pH and salinity. It is also 
found that surfactants having number of ethylene oxide units less than 4, it seems 
impossible to determine cloud point by visual observation. The effect of the number of 
ethylene oxide units and salinity on the cloud point temperature of a series of 
nonylphenol ethoxylates have been studied extensively in this work and reported in 
Chapter 4 and 5. 

The effect of inorganic additives on cloud point temperature of an ethoxylated nonionic 
surfactant has been classified into two main categories by Schott [121]. Ions that are 
water structure formers (for example, F-, OH-, S02 4- 

ý Crý P04 3- ) lower the cloud point 
temperature by decreasing the availability of non-associated water molecules to hydrate 

the ether oxygen of the POE chain. Conversely, ions which disrupt the water structure 
(for example, F, SCY etc. ) cause an increase in the cloud point temperature thereby 
increasing the availability of water molecules to interact with the POE chain of a 

nonionic surfactant molecule. Thus increasing the chloride ion concentration in a 

nonionic surfactant solution decreases the cloud point whereas addition of iodide ions 

increases the cloud point temperature. 

2.5 ADSORPTION OF SURFACTANTS AT THE AIR/LIQUID AND THE 

LIQUID/LIQUID INTERFACES 

The surface tension of a liquid is defined as the mechanical work required to 

create a unit area of surface. A surface saturated with the adsorbed surfactant molecules 
has a lower free energy than those in the bulk solution. Therefore, the work required to 

create a unit area saturated with surfactant molecules is less compared with that needed 
to create unit area for a pure solvent. The amount of surfactant adsorbed per unit area of 
the interface can be calculated indirectly by surface or interfacial tension measurements. 
Thermodynamic relationship between the surfactant quantity adsorbed per unit area and 
the change in the surface/interfacial tension was first derived by J. Willard Gibbs [40]. 

2.5.1 Adsorption at the Air/Liquid Interface 

At constant temperature and pressure, the Gibbs equation in its general form can 

be written as 
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-d7 Fid4i 

where 

-d7 = the change in surface/interfacial tension, 
Fi = the surface excess concentration of i component in the system. 
d[ti = the change in chemical potential of i component in the system. 

(2.2) 

For a solution which contains only two components, a solvent (1) and a nonionic surface 
active solute (2), equation 2.2 may be written as 

-d7 = Fjdýtj + F2dýt2 (2.3) 

Where Fi is the surface excess concentration for i component and is defined as the 

excess, per unit area of interface, of the amount of any component present in the surface 
phase due to adsorption over and above that which would be present if the bulk 

concentration were continued right up to the interface. 

Gibbs defined the position of the interface in such a way that the surface excess of the 

solvent IF, become equal to zero. Now equation (2.3) can be written as 

-dy = 
F2dVt 

2 (2.4) 

But for changes in the surfactant concentration, 

dýl 
2= RTdlna2 (2.5) 

where a2 is the activity of the solute in the solution, substituting the equation (2.5) in 

equation (2.4), we have 

-dy = F2RTd In a2 

or 
dy = -RTF2dlna2 

For dilute solution, a2, may be approximated by its molar concentration, C2, so that, 

d7 = -RTF2d 
lnC2 

(2.6) 

(2.7) 

(2.8) 
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ic is the most commonly used form of the Gibbs adsorption equation for solutions 
of nonionic surfactants containing no other materials. It is worth noting that three 
assumptions have been made in order to derive the equation (2.8) which are a) the 
surfactant added is a single component, b) the dividing surface or interface is such that 
the surface excess of solvent is zero, and c) the surface activity of the solvent is 

considered to be the molar concentration of the surfactant molecule. 

If 17RNais the surface excess of the neutral salt [4 1 ], the equation 2.8 may be written as 

-dy - 2RT17RN,, d In a, (2.9) 

where the a+ is the mean activity of R- and Na+, which for very dilute solutions could be 

approximated to the molar concentration of ionic surfactant and FRNa is the surface 
excess of the neutral salt. The factor 2 arises as a consequence of both the surfactant 

anion and cation being in excess at the interface. 

2.5.2 Adsorption at the Liquid/Liquid Interface 

Equation (2.8) can be applied equally if an immiscible oil phase is replaced to air 
ýU above the aqueous phase only if the system being dealt is at thermodynamic 

equilibrium. In the case of liquid/liquid interface, surfactant would not only be adsorbed 

at the interface but a certain concentration of it would also partition into the excess oil 

phase. The concentration of surfactant adsorbed at the interface can then be determined 

by measuring the interfacial tension as a function of equilibrium concentration of 

surfactant in either of excess phases. The data obtained in this way was compared to that 
for the adsorption of the same surfactant at the air/water interface by Aveyard and 
Briscoe [42-43]. They have found that there are no negative deviations from ideality at 
the oil/water interface. However, if interfacial tension measurements are carried out 
before equilibrium is achieved, the Gibbs isotherm, equation 2.8, may not work and a 

negative deviation to ideality rises. 

2.5.3 Dynamic Interfacial Tension 

There are many situations in which the area of an interface may change on a 

time scale as in case of a surfactant solution which required a certain time to attain its 

equilibrium composition. In such cases the equilibrium or thermodynamic interfacial 

tension is less relevant than a transient, time dependent interfacial tension and usually 

described by the term dynamic interfacial tension. The attainment of an equilibrium at 
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an interface of a constant area, is a limiting case and depends on the rate of adsorption, 
rate of diffusion, and on the breakdown of micelles, if present, in the aqueous solution. 

If the interfacial tension between a surfactant solution and immiscible solvent is 

measured as a function of time, the trend of the relaxation curves as a function of time 
would be similar to that shown in Figure 2.3. Experimental results have shown that for 
dilute, slowly adsorbing surfactant solutions, the adsorption kinetics of surfactant 
monomers are mainly controlled by the diffusion from bulk phase to the interface [44]. 
However, the surfactant solution containing surfactant concentration equal or higher 
than critical micelle concentration (CMC), the adsorption kinetics are not only 
controlled by diffusion but an other relaxation process, micellar breakdown, also 
becomes operative and affects the dynamic interfacial tension [44-48]. 

In Chapter 4, the dynamic interfacial tension between the aqueous micellar solutions of 
a series of nonionic surfactants and alkanes were determined as a function of time scale 
using the spinning drop apparatus. The data were then interpreted and correlated with 
low interfacial tension as a function of micellar size, temperature effect, and equilibrium 
time for interfacial tensions. Since little data has been found in literature regarding the 
dynamic interfacial tension for micellar solutions at liquid/liquid interfaces using the 

spinning drop technique, the uncertainty about their interpretation should not be 

underestimated. A brief review regarding the dynamic surface/interfacial tension of 

micellar solution has also been reported in Chapter 4. 
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Figure 2.3: A schematic representation of the dynamic interfacial tensions between 

micellar solutions of ethoxylated nonylphenol and octane as a function of time 

measured with the spinning drop apparatus. (for further detail see Chapter 4). 
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2.6 ULTRA-LOW INTERFACIAL TENSIONS 

As discussed in the earlier section, the interfacial tension between the 
hydrocarbon and water decreases as the concentration of surface active material in the 
aqueous phase increases. The concentration at which no further reduction in interfacial 
tension is observed is known as the critical micelle concentration, CMC. Further 
addition of surfactant causes only the formation of aggregates or micelles and beyond 
the CMC, the interfacial tension remain constant. When the non-polar phase is a 
saturated hydrocarbon, both the efficiency and effectiveness of the surfactant to reduce 
the interfacial tension between aqueous surfactant solution and hydrocarbon are greater 
than for aqueous solution-air interface. It is possible for some oil molecules to penetrate 
the micelle and attach to the hydrocarbon core. Solubilisation of hydrocarbons in this 
way causes the micelles to swell and they are termed "swollen micelles". If the structure 
of the surfactant is such that it adsorbs with maximum packing at the interface and 
lowers the interfacial tension to very low values, then much larger droplets are formed. 
When these droplets are still very small that they remain transparent to translucent the 
phase which contains a maximum surfactant concentration with solubilised oil or water 
phase is called a "micro emulsion". The type of microemulsion such as oil-in-water 
(Winsor Type-I) or water-in-oil (Winsor Type-11) or middle phase microemulsion 
(Winsor Type-111) microemulsion is mainly governed by preferred packing geometry of 
the surfactant molecules at the interface. Shah et al. [1] have shown that for petroleum 
sulfonate surfactant (TRS 10-410), there are two regions of ultralow interfacial tension. 
The first interfacial tension minima has been found for surfactant concentration in range 
close to CMC (around 0.1 %), where the system consists of two phases, namely the oil 
and brine phases in equilibrium with each other. The second minima in interfacial 

tension was observed at a high surfactant concentration (around 4.0-8.0%), where a 
middle phase microemulsion is in equilibrium with excess oil and brine phases. 

The hydrophobic interaction between the adjacent alkyl groups provides a force 

necessary for the surfactant molecule to aggregate at the interface and pack closer 
together. However, the hydrophilic moiety of the surfactant molecule has a greater 
interaction with water molecules that allow each head group to solvate as much water 

molecules as possible. When the surfactant molecule bears an ionic charge, the 

electrostatic repulsion between the adjacent head group provide an additional force 

tending to increase the area per molecule. Interfacial free energy per molecule obtain as 

a result of the attractive and repulsive forces is plotted against a, the area per head group 
[49] as shown in Figure 2.4. Hydration and electrostatic repulsive forces tending to 
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increase the area per molecule whereas the hydrophobic interactions are tending to 
decrease the area per molecule. The minima point on the net free energy curve denotes 
an optimum value for area per head group, ao. 

It is suggested that in any spontaneous aggregation and emulsification process, the 

surfactant molecules are packed in such a way that the area per head group is close to 

ao. Israelachvilli [49] also proposed a way to see how the surfactant molecules are 
packed at the oil/water interface. He compared the optimum value ao with the effective 

cross-sectional area of the chains, ac , which is equal to the ratio of volume of alkyl 

chain and maximum extended chain length, Ic. If ao is greater than ac then oil-in-water 

microemulsion is formed and if ao is smaller than ac, the oil/water interface tend to 

curve in such a way that water-in-oil microemulsion is formed. 

Minimum energy 
at 

a ao 

Surface free energy 

Attractive energy a (ya) 

Repulsive energY cc (k/a) 

Figure 2.4: Attractive and repulsive interactions occurring at interfacial region of 

surfactant molecule. ao is the optimum head group area. (after Israelachvili, 1987). 

2.6.1 Factors Effecting Optimum Head Group Area 

2.6.1.1 Nonionic Surfactants. 

1. The effective area per head group is often increased simply by increasing the 

degree of ethoxylation of polyoxyethylene nonionic surfactants. 
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2. Increasing the temperature will increase the extent of dehydration of 
polyoxyethylene chain and hence decrease ao. 

2.6.1.2 Ionic Surfactants. 

Increasing the dissociation of the head group by increasing the pH will cause 
an increase in area of the head group due to the an increase in electrostatic 
repulsion of the ionic head groups. 

2. Decreasing the electrolyte concentration will increase extent of double layer 

surrounding charged groups. This will make more spacing for charged ions 

thereby increasing the area per head group and hence ao. 

2.6.2 Factors Affecting ac 

1. Increasing the number of alkyl chains in hydrophobic tail will increase the 

volume of alkyl chain length for the same length Ic and ac = v/lc increases. 

2. Introducing a benzene group or branching in the hydrophobic chain will 
increase ac. 

3. Small chain alkanes penetrate more deeply into the micelle sphere and give 
high solubility than long chain alkanes. 

2.7 MICROEMULSIONS, PHASE BEHAVIOUR, AND ULTRA-LOW 

INTER-FACIAL TENSIONS 

2.7.1 Microemulsions 

Microemulsions are thermodynamically stable, low viscous, transparent 

mixtures of two immiscible liquids with surfactant. They are generally obtained by 

gently agitating the gradients and the dispersed particles are usually in range of 10-100 

nm (0.01-0.1ýLm) in size. Hoar and Schulman [50] called this formulation as 

spontaneously formed transparent or translucent system. The name "microemulsion" 

was,, in fact, first used by Schulman et al. [5 1 ]. Although a significant amount of work 
has been done on the nature of the microemulsions, it is still controversial as to the 

distinction between swollen micelles, microemulsions and macroemulsions. In the 
following section, we are concerned with the ultra-low interfacial tension arising due to 
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the formation of a three phase microemulsion (Winsor Type-III phase) in equilibrium 
with excess oil and brine phases. 

2.7.2 Phase Behaviour and Low Interfacial Tension 

Microemulsions are generally formulated with one, or more than one, surfactant 
with or without a co-surfactant in two immiscible liquids that is oil and water. The 

combination usually required to provide the balance between the hydrophilic and 
hydrophobic properties for the required oil and water phases. This balance can be 

achieved experimentally by mixing the oil and water phases in the desired proportions 
with surfactant and co-surfactant combinations, although co-surfactant free 

microemulsions have also been reported [5]. Since all the low interfacial tensions have 
been shown to directly correlate with the surfactant/oil/water phase behaviour, it is 

therefore, important to study phase behaviour of microemulsions. A practical benefit of 
this correlation is that instead of carrying out difficult IFT measurements, a relatively 
easy phase behaviour measurements can be substituted. Due to this reason, Bourrel et 
al. [120] provided an easy solution by which the behaviour of IFT has been inferred by 

a narrow set of phase behaviour studies based on solubilisation parameter. Definition 

and calculations concerning the solubilisation parameters have been given in Chapter 3. 
Figure 2.5 shows the general phase behaviour of microemulsions formed with either 
anionic or nonionic surfactants alongwith the most commonly used classification for 

different phases as described by Winsor [321 are given as: 

Winsor Type-I - At low electrolyte concentrations, for 
0 

ionic surfactants, and at low 

temperature, for nonionic surfactant, the surfactant is preferentially soluble in the 

aqueous phase and oil-in-water microemulsions are form ed. Healy et at. [521 call this 

system as lower phase microemulsion while Nelson and Pope [53] prefer to call it a 
Type-11 (-). No surfactant aggregates exist in the excess oil phase only a low 

concentration of surfactant monomers. 

Winsor Type-III : As the electrolyte concentration is increased for ionic surfactants or 

the temperature raised for nonionic surfactants, eventually the system transforms into a 

three phase system where the microemulsion is in equilibrium with both excess oil and 
brine. In Figure 2.5, the middle triangle represents the phase behaviour of this system. 
The middle phase mostly contains the maximum concentration of surfactant with oil and 

water and is referred to as a middle phase microemulsion by Healy et al. [52] and has 

been considered responsible for producing an ultra-low interfacial tension. Shinoda and 
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Friberg [53] designated this phase as a rich surfactant phase. No surfactant aggregates 
exist in the excess oil or aqueous phases but some surfactant monomers. 

Winsor Type-11 : With a further increase in electrolyte concentration or temperature for 
ionic and non-ionic surfactant respectively, the system again transforms into two phases 
but now the surfactant is mainly in the oil phase with solubilised water phase and the 

system is referred to as water-in-oil microemulsion with excess water. Healy et al. [52] 

referred to this system as upper phase whereas Nelson and Pope [53] called it a Type-11 
(+). No aggregates exist in the aqueous phase except a small concentration of surfactant 
monomers. 

Wi nsor Type-I I 

I -ý ?1 

Temperature ('C) (Nonionic Surfactant) 

.4 
Salinity (Anionic Surfactants) 

Figure 2.5: Three component phase diagrams illustrating the phase behaviour of Z: ) - Z-) 

microemulsion where numbers 1,2, and 3 represent the components water, oil and 

surfactant (+co-surfactant) respectively. 

There are several ways of describing the phase behaviour of microemulsions and one of 

the simplest is that illustrated in the Figure 2.6. This diagram illustrates that with the 

increase of electrolyte concentration or temperature of POE nonionic surfactant, the 

surfactant becomes more soluble in organic phase, due to the increased dehydration of 

oxyethylene chain with temperature or restructuring of the water molecules surrounding 

the head group. If this occurs for POE nonionic surfactant of the appropriate structure in 

the presence of excess non-polar phase, the micelles in the surfactant phase swell by 

incorporating more organic material into the core of the micelle and hence the droplet 

size increases [551. Therefore, the volume of the aqueous micellar phase (Ws) i. e. Type- 

I system, increases whereas the volume of the oil phase decreases (Figure 2.6b). This is 
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accompanied by a reduction in the interfacial tension between oil and water interface, y 

O/w. With further increase in temperature, the ethylene oxide chain becomes more 
dehydrated, the surfactant becomes relatively more lipophilic, and more and more non- 
polar material is solubilised into the increasingly asymmetric micelles. In the vicinity of 
the cloud point temperature of the surfactant solution, the surfactant micelles with the 
solubilised organic phase separates as a third phase (Figure 2.6c), with excess oil and 
water phases, contains the substantial surfactant concentration with solubilised oil and 
water [56]. The oil and water interface (O/Ws) is now replaced by a surfactant rich 
phase and water interface (S/W), whose interfacial tension, 7s/w, is close to zero. At this 
point, the interfacial tension between excess oil and surfactant phase, yo/s , is also low 
but not ultra-low. As the temperature is further increased, more and more micelles from 

the aqueous phase separate out carrying with them solubilised oil and water. The 

volume of the micellar phase (Ws) decreases whereas the volume of the middle phase 
increases which causes 7o/s to decrease and 7s/w increase. The inversion of micelles 
from lower phase to middle phase microemulsion has converted the micellar solution 
(Ws) into one (W) that contains a small concentration of surfactant monomers. At this 

point, the amount of oil and water in the middle phase is equal and the interfacial 

tension between the middle phase and both the excess oil and water reaches equal to 

zero or even less [57-58], as shown in Figure 2.6d. 
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Figure 2.6 : Effect of system variables (temperature for nonionics and salinity of ionic 

surfactants) on phase volumes and corresponding interfacial tension. 41: 1 
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With further increase in temperature, the surfactant becomes more lipophilic and a point 
is reached at which the micelles start to invert. This is accompanied by an increase in oil 
phase (0s) and a decrease in middle phase (S) to a very small volume as shown in 
Figure 2.6e. Now the interfacial tension between the water and the phase which contains 
reverse micelles, (yo/s), is close to zero, whereas the interfacial tension yo/w continues 
to increase. Eventually, all the surfactant rich phase (S) dissolves in the oil phase, Os' 
leaving only water behind (W) as illustrated in Figure 2.6f . At this point, the interface 
between the middle phase and water vanishes and is replaced by (Os/W). With further 
increase in temperature, surfactant becomes more lipophilic and the solubility of the 
reverse micellar phase decreases (Figure 2.6g). Hence the amount of water solubilised in 
the reverse micelles squeeze out causing an increase in yo/w. 

It is believed that for a system containing high surfactant concentration, the ultra-low 
interfacial tension is only possible in the three phase region [60]. The structure of the 
surfactant rich phase (Winsor Type-III system) in equilibrium with excess oil and water 
phases, has remain a subject of interest and speculation [61-62]. Recent experimental 
data indicate that, at the point of minima interfacial tension between oil and water 
phases, the structure of the middle phase considered may not be a homogeneous [63- 
64]. Scriven [59] proposed that this middle phase may have a bicontinuous structure of 
oil and water with intervening surfactant layers. 

It is apparent from the above discussion that, for a POE nonionic surfactant, there is a 
particular temperature at which the hydrophilic and hydrophobic character of the 

surfactant molecule becomes "balanced" and at this point the interfacial tension 

approaches to zero. This balance is usually defined as the hydrophilic-lipophilic balance 

(141,13). It is usually defined as the "optimum temperature" where the surfactant phase 

solubilises equal amounts of oil and water and interfacial tension reaches an ultra-low 

value. However, the temperature at which the middle phase microemulsion inverts into 

reverse micelles is known as the "phase inversion temperature or PIT". It is also noted 
that for ethoxylated nonionic surfactants, the three phase region can also be optimised 
by varying the number of ethylene oxide units while keeping the temperature constant. 
The number of ethylene oxide units at which the middle phase microemulsion contains 

an equal volumes of oil and water is termed as the optimum ethylene oxide number 
(EON*) [58]. However, for anionic surfactants, the salinity at which an optimum middle 

phase microemulsion in equilibrium with excess oil and brine phases forms is known as 
the "optimum salinity" [6]. 

58 



Surfactant Behaviour in Aqueous and Non-Polar Media Chapter 2 

2.7.3 Factors Affecting the Phase Behaviour and Low Interfacial Tension 

Several factors which have been shown to affect the phase behaviour of 
surfactant/oil/brine system including salinity, surfactant structure and its concentration, 
co-surfactant type and its concentration, pH, oil type , water-to-oil ratio, temperature 
and pressure. The following section will deal with some of these important variables. 

2.7.3.1 Effect of salinity 

A typical example, showing the variation of interfacial tension and phase 
volumes with salinity for an anionic surfactant system is shown in Figure 2.6. It can be 

seen that increasing the salinity changes the surfactant solubility and lowers the 
interaction towards the water phase and as a consequence, the interfacial tension 
between the surfactant rich phase and excess oil phase decreases. Further increase in 

salinity reduces the surfactant solubility in the aqueous phase and enhances surfactant 
solubility into the oil phase and a three phase region appears which is in equilibrium 
with excess oil and brine phases. The salinity at which the middle phase region (Winsor 
Type-III system) contains equal volumes of oil and water is called as the optimum 
salinity. Experimental results show that at this stage, the interfacial tension between the 
brine and surfactant phase, and, oil and surfactant phase, are equal and approache a 

minima [6]. On the basis of interfacial tension and oil recovery data, it is concluded that 

the interfacial tension corresponding to the optimum salinity value results in the best oil 

recovery [6]. Upon further increase in salinity, the Type-III system again changes into a 
two phase system, but this time the surfactant totally partitioned into the oil phase with 

some water attached to it. Due to the lower solubility of the water into the reverse 

micellar phase, causing an increase in the interfacial tension. 

Healy et al. [52] have shown that interfacial tension between the various phases arising 
during the phase transition sequence Type-I => Type-III => Type-11 can be correlated 
with solubilisation parameters, as described in Chapter 3, when salinity or any of the 

system variables is changed. Similar correlations have also been reported by Robbins 

[65] and Shah et al. [66]. An empirical model which provide a general relationship 
between solubilisation parameters and interfacial tension between the microemulsion 

phase and excess phases has been developed by Huh [62]. 

It has been found that reservoir brines contains multivalent ions, and their concentration 
in the brine vary from field to field. Reed and Healy [6] have mentioned that the 

presence of multivalent ions in microemulsion system can significantly affect the phase 
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behaviour and reduce the optimal salinity. They have found that for petroleum 
sulfonates, the effect of divalent ions is greater than would be expected from usual ionic 
strength relationship. Many oil reservoirs in the North and German Sea contain salinity 
in the range of 15 to 20% with extreme concentration of multivalent ions at low to high 
temperatures [65]. To overcome this type of problem, ethoxylated anionic surfactants 
have been suggested and extensively studied [4-5,68-70]. In the current work, we have 

selected ether carboxylic acid surfactants. whose phase behaviour and micellar 
properties were investigated as a function of salinity and pH. The effect of other system 
variable such as number of ethylene oxide units, co-surfactant, solubilisation and 
interfacial tension have also been investigated. 

2.7.3.2 Effect of Surfactant Structure 

Reed and Healy [6] have shown that increasing the alkyl chain length of o- 
xylene sulfonates can cause a decrease in the optimum salinity and hence corresponding 
interfacial tension. It is also observed that the salinity range over which the three phase 
microemulsions exist also decreases with increasing the alkyl chain length. The 

theoretical model developed by Huh [62] correctly predicts a narrow salinity range for 

ultra-low interfacial tension when optimum salinity is low and this reverse that is ultra- 
low interfacial tension increases with increasing the optimum salinity. Since interaction 

of an ionic head group with water depends on type of the head group, similar results are 
expected when the sulfonate head group is replaced by others. 

The effect of branching in the alkyl chain in terms of interfacial tension and 
solubilisation parameters has also been investigated in literature [6]. It is concluded that 
the more linear the lipophilic tail the more effective the surfactant is in terms of 
minimum interfacial tension. It is also found that branching of an alkyl chain can be 

used to overcome gel and liquid crystal formation. Introduction of nonionic character in 

an anionic surfactant can significantly improve the salt tolerance [5,68-70]. It is also 
found that increasing the number of ethylene oxide units in an anionic surfactant has a 
direct affect on the optimum salinity value and temperature. Barakat et al. [711 has 

shown that alpha olefin sulfonates can be used to produce microemulsion with high 

salinity and low interfacial tension. 

Phase behaviour studies indicate that the optimum salinity is independent of surfactant 

concentration and water-to-oil ratio only if the microemulsion is formed with an 

isomerically pure surfactant with no added co-surfactant [57]. However, if an alcohol is 

added, its partitioning affects the optimum salinity or optimum ethylene oxide number 
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in case of nonionic surfactants. The ultimate effect on the phase behaviour will depend 
on the lipophilic-hydrophilic nature of the surfactant and co-surfactant. The literature 
[72-73] indicates that the optimum salinity decreases with increasing the surfactant 
concentration at a fixed water-to-oil ratio and surfactant-to-alcohol ratio. However, the 
optimum salinity increases with increasing surfactant concentration when divalent 

cations are present [73]. 

Petroleum sulfonates are the most common surfactant species applied conventionally in 

the oil industry for improved oil recovery processes. Extensive studies on these 

surfactants have revealed some of the disadvantages such as poor quality control, 
chromatographic separation due to broad distribution of molecular weight, and 
partitioning into excess phases, which results in excessive loss of surfactants. These 

problems were overcome by replacing the petroleum sulfonates with synthetic 
sulfonates, cost about same as petroleum sulfonates. However, the synthetic sulfonates 
are effective over wide range of temperature but only at low to moderate salinity. 
Extensive studies indicate that ethoxylated nonionic surfactants are relatively insensitive 

to salinity. But at the same time, these surfactants suffer from high adsorption loss and 
temperature sensitivity. Ethoxylated nonionic surfactants were mixed with synthetic 

sulfonates to form microemulsions at relatively higher salt concentration [74]. As 

mentioned earlier, anionic surfactants with built-in nonionic character, have received a 

considerable attention because of the advantage that the range of the optimum salinity 

can be widened by varying the number of ethylene oxide units in surfactant molecule 
(see Chapters 7 and 8). 

2.7.3.3 Effect of pH 

Investigations concerning the effect of pH on the formation of microemulsions 

are rare. Qutubuddin et aL [75] investigated the phase behaviour and low interfacial 

tension of a model microemulsion system which exhibits pH-dependence. He used oleic 

acid as a surfactant which posses a pH sensitive carboxylic head group. The surfactant 
hydrophilicity was changed by changing the pH of surfactant solution with a strong base 

(NaOH) and the three phase system was then determined ether by changing the pH or 

salinity. It is found that the dependence of phase behaviour on salinity at a constant pH 
is similar to that of sulfonate systems. However, the optimum salinity increases with 
increasing the pH of the surfactant solution. It is also found that the salinity range where 

a middle phase microemulsion exists can be extended significant by using pH- 
dependent microemulsions containing mixed surfactants other than using sulfonates 

alone [76]. In this study we have selected alkyl polyether carboxylic acid surfactants 
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ic are very sensitive to changes in pH. Some surface and micellar properties of ether 
carboxylic acid surfactants have been determined and are presented in Chapter 7. Since 

ether carboxylic acid surfactant have exhibited high tolerance to salinity, phase 
behaviour studies concerning formation of microemulsions at high salinity and 
temperature have also been investigated (see Chapter 8). 

2.7.3.4 Effect of Co-surfactant 

Co-surfactants in microemulsions formation are usually used for one of the two 

reasons; 1) to remove liquid crystalline phases in the surfactant solution, both with and 
without oil phase; and 2) to shift the optimum phase boundary (optimum salinity in case 
of anionic surfactants or optimum ethylene oxide number in case of nonionic 
surfactants) thereby making the surfactant more lipophilic or hydrophilic [77-78]. 
However, co-surfactants on there own are not capable of forming microemulsions. They 

are generally classified into two groups; 1) short chain alcohols such as C3 and C4, 

straight as well as branched, and 2) long chain alcohols such as C5, C6 etc. Short chain 
alcohols are commonly used in the formation of microemulsions to optimise the salinity 
for enhanced oil recovery processes. Short chain alcohols have approximately a neutral 
attraction with oil and water molecules, and have a very little effect in changing the 

optimum salinity [79]. They are conventionally used to overcome the liquid crystalline 

and to enhance the equilibrium between different phases. 

Pentanol and hexanol are usually combined with primary sarfactants to improve 

additional lipophilicity at the oil/water interface. For microemulsion systems where 

salinity or temperature are fixed due to certain constraints, it is difficult to change the 

structure of a surfactant thereby synthesising the product over a fine required range. The 

other possible exception is to use mixtures of surfactant and co-surfactant, one of which 
has a smaller head group than the other. For example, a surfactant which has high 

solubility in the aqueous phase and forms lower phase microemulsion (Type-I system) 

at low salinity and at a constant temperature. It is possible to increase the lipophilicity of 

the surfactant and to optimise the middle phase microemulsions by introducing a long 

chain alcohol such as n-pentanol [78]. 

2.7.3.5 Effect of Oil Type 

The nature of the oil type plays an important role in producing ultra-low 
interfacial tensions. The aromaticity, chain length and structure of oil can significantly 

affect the optimisation of phase behaviour of surfactant to produce an ultra-low 
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interfacial tension. It was shown that crude oils with high aromatic contents produced 
lower interfacial tension than the crude oil with low content of aromatic content [80]. 
Foster [8 1] reported that for a particular petroleum sulfonate, the minima in IFT would 
shift towards a lower salinity and a higher surfactant concentration for napthenic crude 
oil as compared to a paraffinic crude oil. 

The concept of an equivalent alkane carbon number (EACN), which allows the 
substitution of crude oil with pure oil or mixture of pure oils was first proposed by 
Cayias et al. [82]. It has been investigated that a pure hydrocarbon can be modelled by 

replacing it with a particular n-alkane, based on minimum interfacial tension. The 

variation of interfacial tension with alkyl group carbon number of the given 
hydrocarbon series is compared with n-alkanes. The alkyl carbon atom number which 
produces minimum interfacial tension is considered equivalent alkane carbon number 
(EACN). In addition, the EACN of a mixture of hydrocarbons follows the simple 
mixing rule; 

(EA = 1] xi (EACN) Ornixture 

i 
(2.10) 

Where xi is the mole fraction of component i. Cayias et al. [83] found that the EACN of 

an oil is independent of the surfactant formulation or co-surfactant used in the 
formulation, and this equivalence always holds. Puerto and Reed [84] have proposed a 
three-parameter representation to describe the EACN. The three parameters used were 
the optimum salinity, solubilisation parameter, and oil molar volume. Experimental 

results show that for a given surfactant formulation and concentration, the optimum 

salinity decreases with increasing the oil chain length when the oil is a straight chain oil 
[85]. Similarly, for a given nonionic surfactant, the optimum ethylene oxide number 
decreases with increasing the chain length of oil (see Chapter 6). Mukheýee and Millar 

[86] have shown that short chain oil produces a higher optimum solubilisation 

parameter than a long chain oil. This is because the short chain oil produces a greater 

entropy increase than a long chain oil when it penetrates the surfactant film of a 

microemulsion drop. As a consequence of this, the surfactant film incorporates more of 

a short chain oil molecules. 

2.7.3.6 Effect of Temperature 

For ionic surfactants, it has been seen in previous sections that a phase transition 
from Type-11 to Type-III and finally Type-I systems is observed when any of the system 

variables such as salinity, pH, alcohol concentration, and oil type are changed. These 
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parameters affect the partitioning of the surfactant and co-surfactant between the oil and 
water and thereby the composition of the interfacial film which then affects the phase 
behaviour. 

An increase in temperature of a system containing anionic surfactant tends to increase 

the relative affinity of the surfactant for water. Healy et al. [52] have shown that 
increasing the temperature causes a phase transition in the direction of upper to middle 
to lower phase microemulsions formed with anionic surfactants. Increasing the 

temperature makes the ionic surfactant system more hydrophilic due to an increase in 

thickness of double layer and as a consequence of this, a decrease in the repulsion 
between the adjacent ions occurs. Therefore, a higher salinity is required to keep the 

system at optimum (i. e Winsor Type-III system) when the temperature is increased for a 

microemulsion system formulated with ionic surfactants. Conversely, increasing the 

temperature of a solution containing an ethoxylated nonionic surfactant tends to 

decrease the affinity of the surfactant with water (see Chapters 5 and 6). Increasing the 

temperature of a nonionic surfactant system will dehydrate the oxyethylene chain and 

reduce its solubility in the solution. Thus, a higher number of ethylene oxide number is 

needed to keep the system at optimum. As compared to anionic surfactants, nonionic 

surfactants are much more temperature sensitive [61,87]. 

2.8 THEORIES OF MICROEMULSION FORMATION 

Many theories have been put forward regarding the formation and stability of 

microemulsions. All theories point out that the reason for the thermodynamic stability 

and spontaneous formation of these systems is the ultra-low interfacial that exists at the 

oil and water interface [88-89]. In the following sections, the general theories on 

microemulsions formation and their stability will be reported. In the first section, a 

theory describing the microemulsion interface as a film and have distinct properties on 
both side of the film will be presented. In the second section, solubilisation theories will 
be considered. The third section describes the thermodynamics of microemulsions. 
Emphasis will be put on the most recent work, depicting the importance of the bending 

elasticity and the stiffness of interface and their relation to the curvature energy of the 

interface. 
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2.8.1 The Mixed Film Theory 

2.8.1.1 Negative or zero Interfacial Tension 

In 1955, Bowcott. and Schulman [90-92] ascribed the formation of 
microemulsions to the molecular attractions that take place at the interface. The 
interface, that was in equilibrium with both oil and water phases, was described as a 
third phase. At this stage, it was assumed that this third phase has its own pressure (7r). 
According to Stoeckenius et al. [93] a transient negative interfacial tension condition 
between both phases was necessary for microemulsion formulation. When this condition 
is achieved, the surface area increases and surfactant is adsorbed at the interface until its 

concentration becomes so low that the interfacial tension goes back to zero or even 
positive and excess of water (or oil) is expelled into separate phases. The total 
interfacial tension (YT) between the oil and water phases is given by the following 

equation : 

7 T= 7o/w - 7c (2.11) 

where y,, /, is the interfacial tension between oil and water in the absence of surface 

active agent and 'n' is the two dimensional spreading pressure of the film. It is clear 
from this equation that for (YT) to become zero or negative, 'TC' has to become equal to or 

greater than y,, /,. When yo/w is greater than the film pressure, only macroemulsions may 
be formed. y,, /, is of the order of 30-50 mNm-1, depending upon the type of oil, and in 

order to reduce total interfacial tension to zero or negative, W should take very high 

values that would not allow oil molecules to stay in the amphiphilic monolayer. The 

clue pointed by Prince [94-96] is that the presence of a second surfactant (co-surfactant) 

would reduce yo/w to much lower values and consequently the film pressure would not 

need to increase to such a high value. For this reason, Prince introduced a subscript 'a' to 

interfacial term in equation (2.11), which takes into account any reduction in the value 

of interfacial tension due to the addition of the second surfactant . 

7t 7 
O/w 

)a 

2.8.1.2 Duplex Film Model 

(2.12) 

It was shown above that the correct combination and appropriate concentration 

of a surfactant and co-surfactant is necessary to formulate a microemulsion film. The 
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concep t of a duplex filrn at the oil water interface was also introduced by Prince [94] to 
explain the bending of the interface to form o/w or w/o microemulsions. 
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Figure 2-7: Film pressure versus surfactant area. 
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Figure 2.8: Mechanism of curvature of a microemulsion film 

The mixed film concept explains both the bending of the interface and the 

thermodynamic stability of microemulsions. Figure 2.7 characterises film/oil and 
film/water interface pressures as a function of the area'As' of the surfactant molecules. 
The lines AB and CD represent the water and oil sides of the film while line EF is the 

sum of two lines representing the mixed duplex film. Under these conditionsl RW' and n 
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of are film pressures of flat duplex film at the water and oil side respectively, where as 71 
w and7ro are the corresponding pressures at the side of the curved film. For example, if 
the fatty acid molecules have an area of 50 A2 per molecule, the film pressure of the flat 
film on the oil side is 7ro'= 10 mNm- I and7rw'= 30 mNm-1 on the water side, then the 
resulting film pressure is 7rG' = 40 mNm-1. The stress of these pressure differences on 
each side of film, due to the penetration of the oil molecules, allows the interface to 
expand spontaneously. This expansion could continue until these pressures balance and 
become equal. At this stage the total film pressure '7c' drops and reduces (yo/w), which 
is about 15 mNm- I as shown in Figure 2.7. Since 

7L = 7TO + 7tw 

the expansion will continue to occur until the interfacial area becomes equal to : 

1 
710 

= 
7rw -7 Olw a 2 

which is 7.5 mNm-1. 

(2.13) 

(2.14) 

Figure 2.8 illustrates the mechanism of curvature of a microemulsion film. If the initial 

film pressure Tco' on the oil side is greater than the initial film pressure Tcwl on the water 

side, the duplex film will bend towards the water side to form a w/o microemulsion. On 

the other hand, if 7co' <7tw', the film expands on the oil side to reduce7Cw' until 7CO' = 7t 

w' and as a result of this an o/w microemulsion is formed. 

2.8.2 Solubilisation Theory (Phase Diagrams) 

The term "solubilisation" refers to the incorporation of water insoluble 

substances in a system containing normal micelles. Usually the solubilisation theories 

were based on considering the microemulsion as swollen micelles. Microemulsion 

systems usually consist of at least four components and the use of a tetrahedron 

provides a convenient way of plotting the phase behaviour. Such phase diagrams can 
help in understanding microemulsion formulation and the solubilisation mechanism. 
Several authors have studied such diagrams in order to emphasis the micellar nature of 

so called microemulsions [97-101]. Figure 2.9 illustrates a typical phase diagram of a 

system containing only water (+salt), surfactant, co-surfactant (alcohol) but no oil [100, 

102]. The diagram contains four one phase and four three phase regions. Out of four one 

phase regions, there are two isotropic microemulsion regions (w/o and o/w) and two 

liquid crystal regions (L. Q. The two liquid crystal regions are birefringent 

mesomorphic phases. The liquid crystal region existing at bottom of the diagram is 
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thought to contain hexagonally packed cylinders. The region in tile centre of the 
diagram is assumed to be lamellar and is also called the neat phase. 

aI coho I 

neat phase 

W/ 0 

N 

W/ 0 
middle phase 

L. C. 

, ý, 6; w)), - 
water surfactant 

L. C. : Liquid Crystal phases 

: surfactant / alcohol molecule 

Figure 2.9: Ternary phase diagram of a system containing water, surfactant and co-surfactant. 
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Figure 2.10: Ternary phase diagram of a system containing water, surfactant and co- 

surfactant cross section at a large amount of oil. 
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If a small amount of oil, miscible with co-surfactant but not with water and surfactant, is 

added, it modifies the phase diagram slightly. On the other hand, if a large amount of oil 
is added the phase diagram changes completely as shown in Figure 2.10. The diagram 

now indicates one phase, two phase and three phase regions for systems containing 
equal volumes of oil and water. This phase diagram is typical of the well known Winsor 

phase equilibrium. 

The changes near to the co-surfactant comer, as compared to Figure 2.9, remain small, 
but the o/w microemulsion region near to the water surfactant axis is now not in 

equilibrium with a lamellar phase. If a small amount of co-surfactant is added at low 

surfactant concentration, an excess aqueous phase separates before all the oil is taken up 
in the microemulsion (Winsor Type-III system). The interfacial tensions between the 
three phases are very low, between 10- 1 and 10-4 mN/m or even lower than those. There 

are two, two-phase regions where microemulsion phases are in equilibrium with so 

called dispersed phases. As shown in Figure 2.10, the oil-in-water microemulsion is in 

equilibrium with an oil phase, and this is called Winsor Type-I equilibria. On the other 
hand, the water-in-oil microemulsion is in equilibrium with a water phase and termed as 
Winsor Type-11 equilibria. It is also clear that further addition of co-surfactant to Winsor 

Type-III phase equilibria can produce the two-phase equilibrium. In Winsor Type-III 

equilibria the middle phase microemulsion is believed to have a bicontinuous and 

random structure and has been studied extensively [59]. Finally the idea of a 

microemulsion as swollen micelles can be obtained from a comprehensive study of so 

called ternary phase diagrams. The oil solubilised in normal micelles system is called 

oil-in-water microemulsion and water solubilised in reverse micelles system is called 

water-in-water microemulsions. 
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Shinoda [8 7] and Friberg [ 103 ] gave additional support to this theory with their work on 
nonionic surfactants with a polyethylene oxide head group. They showed that 
solubilisation of such surfactants is highly dependent on temperature and length of 
ethylene oxide chain as shown in the Figure 2.11. 

The early work of Shinoda and others [102,104-109] confirmed the fact that the 
nonionic surfactants change their preference from being soluble in water to soluble in 
hydrocarbon phase with increase of temperature. In the Figure 2.11 a the solubilisation 
of oil is presented as a function of the amount of oil in nonionic surfactant solution. The 
homogeneous isotropic microemulsion region is well defined between the solubilisation 
and cloud point curves. The region is transparent where micelles are small. But when 
the contents of oil exceed the limit as defined by solubilisation curve, the excess oil 
separates and system at this stage is called Winsor Type-I equilibrium. If the 
temperature is further increased above the cloud point curves, the separation of oil, 
water and surfactant rich phase occurs. Similar phase diagrams are observed in 

nonaqueous solution of nonionic surfactants as shown in the Figure 2.1 1b. In this case 
the microemulsion phase exists between the 'haze point' and the solubilisation curves. If 

the amount of water increases above the solubilisation curve, the excess water separates 
to form Winsor Type-11 equilibrium. When the temperature drops below the 'haze point' 
curve, the homogenous w/o microemulsion breaks down and separates into oil, water 
and a surfactant phase. 

2.8.3 Thermodynamic Theories 

2.8.3.1 Free Energy of Microeninlsion Formation 

As mentioned above, microemulsions are complex mixtures of oil, water and surfactants 
that are thermodynamically stable and can be stored for infinite time. Considering this 

complex behaviour of microemulsions, we are still left with a number of questions. It is 
well recognised that low interfacial tension is essential for the formation of a 

microemulsion, but still we do not understand why o/w or w/o or another structure is 

formed and how the phase equilibria is controlled [I 10]. These and other questions may 
find their answers in thermodynamics. The main discussions about the complex 
thermodynamics of such systems were mainly introduced by Overbeek [111] 

Ruckenstein et al. [113]. Simply the free energy needed to form the microemulsion can 
be written as 
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AG,,, - 712AA - TASOllf (2.15) 

where 712 is the interfacial tension between oil and water, AA is the increase in 
interfacial area of the dispersion and AS .. f is the configuration entropy of the 
dispersion. The reason for spontaneous emulsification is that AG, ' becomes zero, or 
negative. It can be seen from equation (2.15) that if 712 becomes sufficiently low, the 

second term in equation (2.15) would be large enough such that the free energy, AG, 
becomes negative, leading to spontaneous formation of microemulsions. The treatment 

given by Overbeek [112] and Ruckenstein [1141 were based on the considering the free 

energy change accompanying the process of mixing of surfactant and co-surfactant with 
both water and oil and mixing of the droplets with the continuous phase. 

2.8.3.2 Interfacial Curvature and Bending Contribution 

The thermodynamic treatment developed by Overbeek [110-112] and 
Ruckenstein [113-115] reveals the importance of the bending and the curvature of the 
interface for the determination of Gibbs free energy of microemulsion formulation. 

Various authors attempted to evaluate the free energy of mixing and still its exact 

solution is controversial. De Gennes and Taupin [116] treated the Helmholtz free energy 

of the microemulsion in different way. Because there is no surety that each surfactant 

molecule stays only at the interface, the saturated state is never reached and therefore 

the surfactant molecules may prefer to move into the continuous phase or inside the 
droplets. In Schulman's description of microemulsion fortliulation, all energies 

associated with the curvature of the interfaces are ignored. However, because in 

microemulsions the interfacial tension becomes zero, the contribution of curvature and 

entropy change cannot be neglected. De Gennes and Taupin [116] presented the 

following expression for curvature dependent energy contribution per unit area, F, as: 

F=7- 
K+K 

ROR 2R 
(2.16) 

where y is the interfacial tension, I/R is the curvature of the interface, I/Ro is the 

spontaneous or natural curvature (Ro >0 for normal micelles, Ro <0 for reverse 

micelles) and 'K' is the rigidity of the interface. The above equation holds only if R and 
Ro are much larger than the interfacial film thickness. 

Several attempts have been made to estimate the value of rigidity constant K. Aveyard 

et aL [117] measured the interfacial tension at the droplet surface as a function of 
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droplet radius for heptane and tetradecane as oils. They concluded that the fon-nation of 
excess phase occurs when the surfactant monolayer curvature in microemulsion droplet 
phase is approximately equal to the spontaneous film curvature. Aveyard et al. [117] 
studied several oil/water systems in order to relate the interfacial tension in the excess 
phases with the film rigidity, monolayer structure and composition. 

Binks et al. [118] measured the rigidity constant K with ellipsometric measurements. 
Their results showed that the film rigidity constants were relatively small for 
microemulsion systems. Their results compare well with theories; higher the film 

rigidity constants, the smaller the dispersed droplets size and larger the interfacial 
tension. 

2.8.3.3 The R-Ratio Theory 

A large part of the phase diagram can generate microemulsions if the surfactant 
is able to saturate the interface instead of forming micelles inside one of the two phases 
and the interface is highly fluid (i. e. having low rigidity constant) [116]. Bourrel and 
Schechter [21] have related the curvature effects to the R-Ratio which defines the 

relationship between the interaction energies of interfacial layer C and the oil and water 

regions which was first developed by Winsor [32]. They distinguished a single phase 
isotropic microemulsion into three distinct regions : an aqueous region W, an oil region 
0, and a surfactant region C [21]. They regarded certain cohesive interaction energies 
that exist within the layer C and are responsible for the stability of this layer. 

Figure 2.12 depicts the different constituents of a microemulsion system and 

corresponding cohesive interaction energies. The cohesive interaction energy Axy 

between two molecules 'xý and 'y' is calculated per unit area within the interfacial layer 

C and are averaged over the position of molecules 'x' and 'y'. Therefore the cohesive 
energy is positive whenever the interaction forces between the molecules residing 

within layer C take into account both the lipophilic and hydrophilic interactions. The 

cohesive energy Axy between molecules Y and 'y' is then expressed as : 

Axy =ALxy+AHxy (2.17) 

where L and H stand for lipophilic and hydrophilic respectively. Using this concept, the 

general definition of the R-ratio for system as represented in Figure 2.12 is given as: 
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R= 
Aco - A00 -ALL (2.18) 

Acw -Aww -AHH 

where Aoo is defined as the cohesive energy per unit area between oil molecules 
residing inside the interfacial layer C, which can further be written as : 

A00 = ALoo + AHoo (2.19) 

where ALoo and AHoo represent the interaction between the non polar and polar ends 
of the two oil molecules respectively. In case of oil molecules, ALoo is the dominant 
term whereas AHoo is ignored. 
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Figure 2.12 : Interaction energies in the amphiphilic membrane at the water/oil interface. 

The other cohesive energies per unit area presented in Figure 2.12 are the interaction 

between the water molecules Aww, the interaction between the hydrophiles of 

amphiphilic molecules with water AHcw. Aco and Acw are the interaction energies 
between amphiphiles and oil and water respectively and are further expressed as 

follows: 

Aco = ALco + AHco (2.20) 

Acw = ALcw + AHcw (2.21) 

where ALco and AHco represent the interaction energies of amphiphiles with the 

nonpolar and polar portions of the oil molecules respectively. Similarly ALcw and 

AHcw denote the interaction of amphiphile molecules with the nonpolar and polar 
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character of the water molecules. In many cases AHco and ALcw can be neglected and 
the equation (2.24) and (2.25) can be written as : 

Aco = ALco (2.22) 

Acw = AHcw (2.23) 

The R-ratio represents the extent of the interface to fluctuate and attain a particular 
shape depending on nature of the components of the system, their relative concentration 
and temperature. If R=l, the mutual solubility of C, W and 0 reaches a maximum and 
the interfacial layer C will have no preference to bend toward oil or water. If R becomes 

>1 or < 1, the affinity of the layer C is no longer the same for 0 and W. The stability of 
the interfacial layer C will be maintained at the natural arrangement of molecules in 

which layer C is convex towards 0 (R < 1) or towards W (R > 1). 

Bourrel and Schechter [21] used the R-ratio concept to evaluate the interfacial free 

energy which was originally proposed by Gibbs [40] as : 

6f, 
_-H 8r r2 

(2.24) 

where Y is the radius of spherical interface, f, is the interfacial free energy per unit of 

area, H is a quantity related to the R-ratio and approximated by Millar and Neogi [119] 

as : 

I--, 
H= csKrkT 

rn 
(2.25) 

where CS is the concentration of the surfactant in the continuous phase, Kr is a constant 

related to the flexibility of interface. The interfacial free energy reaches minimum at 

r--Rn, where Rn is the natural radius of the curvature. The discussion shows that the R- 

ratio is a real thermodynamic quantity even though no precise relationship connecting R 

with H is available. Moreover, because of its connection with bending free energy of the 

surface, its evaluation is essential for interpretation and understanding of the 

thermodynamics of microemulsions. In the current work, we have used the R-Ratio 

theory to explain the surface/interfacial behaviour of surfactants in oil and water 

systems. 
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2.9 Summary 

Apart from cost-efficient factors, surfactants selected for use in enhanced oil 
recovery processes must posses the properties such as stability to low to high electrolyte 
concentration, low adsorption and retention through medium in reservoir rocks, long 

term satiability under reservoir conditions (temperature and pH are the essential 

parameters), and sufficient reduction in the interfacial tension at the oil/water interface. 
It is therefore important to review the general properties of surfactants in aqueous and 
organic media before the phase between studies are carried out. Since the vital 
parameter in the design of an efficient surfactant flooding process is the occurrence of 
an ultra-low interfacial tension between the oil phase, trapped due to capillary forces, 

and reservoir brine, the parameters that affect the phase behaviour and low surface and 
interfacial tensions both for anionic and nonionic surfactants are reviewed. A brief 

review of theories regarding microemulsion formations and their thermodynamic 

stability has also been reported. 
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Chapter 3 

Materials, Experimental Techniques, and Methods 

3.1 INTRODUCTION 

The aim of this chapter is to provide a brief description of the materials and 
experimental techniques used to formulate and characterise the surface and interfacial 

properties of the micellar solutions and microemulsions. The properties of the various 
surfactants used are described for each experimental technique adopted. An outline of 
the theoretical principals of the technique are described and a detailed account as to how 

the experiments were performed is presented. 

3.2 MATERIALS 

3.2.1 Surface Active Agents 

The types of surface active agents used in this study were anionic, nonionic and 
their mixture. The nonionic surfactants were nonylphenols polyoxyethylene, referred to 

as Synperonic NPn series,, where n is number of oxyethylene units in the surfactant 

molecule. The combination surfactants were alkyl ether carboxylic acids, referred to as 
Atlas series, having various moles of oxyethylene units. Both the Synperonic and Atlas- 

G series of surfactants were supplied by ICI specialities as 99% active materials. A 

combination surfactant named as tridecyl ether carboxylic acid having 7 moles of 

oxyethylene was obtained from Sandoz Chemicals (UK) Ltd. A sodium salt of fatty 

alcohol polyethylene glycol ether carboxymethylate having 10 moles of oxyethylene 

units were supplied by HOLS (UK) Ltd and was 80% active. An anionic surfactant 
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referred as Petroleum Sodium Sulfonate was supplied by Witco (UK) Ltd. Some 
physical properties of these surfactants are listed below in Tables 3.1 to 3.4. 

3.2.1.1 Nonionic Surfactants 

Chemical structure of Nonylphenols Polyoxyethylene (NPE): 

0 

where R= CqHjq and 
'n' is the number of oxyethylene units 

Table 3.1 
Physical properties of Nonylphenols Polyoxyethylene* 

Product 

Name 

Oxyethylene 

Number 
Density 
(gm/cc) 

a=at 20 OC 
b=at 50 OC 

Viscosity 

(mPa. s) 
a=at 20 OC 
b=at 50 OC 

Solubility 
in water 

Flash Point 
(OC) 

NP-5 5 1.035 a 35 Oa insoluble 157 

NP-6 6 1.04 a 354 a dispersible >150 
NP-7 7 1.046 a 354 a soluble 260 

NP-8 8 1.053 a 353 a dispersible 270 

NP-10 10 - - soluble - 
NP-15 15 1.055 b 84 b 

soluble >149 

NP-20 20 - 114 b 
soluble 

*Data obtained from data sheets supplied by the manufacturer. 

3.2.1.2 Nonionic Surfactants Blends 

Following the procedure adopted by several authors [1-5], the intermediate 

values of ethylene oxide number (EON) have been obtained by mixing the two 

surfactants, NP-5 and NP- 15, assuming a linear mole fraction mixing rule. For example: 

EO = 
niXi + njXj 

xi +Xi 
(5.1) 
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Where ni and nj are the number of moles of ethylene oxide in surfactants i and j and Xi 
and X- are the mole fraction of surfactant species i and j respectively. Since the 
properties and solubility of the surfactant in multicomponent systems (oil and water) 
depends on the hydrophilic-lipophilic-balance (HLB), it was therefore necessary to 
blend the pure surfactants so that effective ethylene oxide length ranged from EO=5 to 
EO= 15 (with a difference of 0.2 moles). The surfactants obtained after blending NP-5 
and NP-15 are listed in Table 3.2. The validity of this procedure has already been 
discussed by Bourrel et al. [6]. The surfactant species obtained after mixing should be 

capable of scanning the Winsor's phase transition sequence Type-I => Type-III => 
Type-11 because Type-III phase is particularly responsible for maximum solubilisation 
of oil and water phases and ultra-low interfacial tension [7-9]. 

Table 3.2 
List of surfactants obtained after blending NP-5 and NP-15 

Ethylene 

oxide 
Number 

(EON) 

Molecular 

Weight 

(M. Wt. ) 

HLB 

Number 

wt. %EO/5 

Mole 

Fraction 

Mixing 

(NP-5) 

Mole 

Fraction 

Mixing 

(NP-15) 

Weight 

Fraction 

Mixing 

(NP-5) 

Weight 

Fraction 

Mixing 

(NP-15) 

5.0 440.0 10.00 0.0 - 100% - 
5.2 448.8 10.20 0.98 0.02 0.96 0.04 
5.4 457.6 10.39 0.96 0.04 0.92 0.08 
5.6 466.4 10.57 0.94 0.06 0.89 0.11 
5.8 475.. 2 10.74 0.92 0.08 0.85 0.15 
6.0 484.0 10.91 0.90 0.10 0.82 0.18 
6.2 492.8 10.07 0.88 0.12 0.79 0.21 
6.4 501.6 11.29 0.86 0.14 0.75 0.25 
6.6 510.4 11.74 0.84 0.16 0.72 0.28 
6.8 519.2 11.53 0.82 0.18 0.69 0.31 
7.0 528.0 11.67 0.80 0.20 0.67 0.33 
7.2 536.8 11.80 0.78 0.22 0.64 0.36 
7.4 545.6 11.94 0.76 0.24 0.61 0.39 
7.6 554.4 12.06 0.74 0.26 0.59 0.41 
7.8 563.2 12.19 0.72 0.28 0.56 0.44 
8.0 572.0 12.31 0.70 0.30 0.54 0.46 
8.2 580.8 12.44 0.68 0.32 0.48 0.52 
8.4 589.6 12.54 0.66 0.34 0.49 0.51 
8.6 598.4 12-65 0.64 0.36 0.47 0.53 
8.8 607.2 12.75 0.62 0.38 0.45 0.55 
9.0 616.0 12.86 0.60 0.40 0.43 0.57 
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3.2.1.3 Combination Surfactants 

i) ýChemical structure ofAlkyl Ether Carboxylic Acid (AECA) 

R-(OCH2CH2), -OCH2-COOH 

where n is number of oxyethylene units 

Table 3.3 
Physical properties of alkyl ether carboxylic acid surfactants* 

Product Name Alkyl Oxy- Density Viscosity Solubility pH 
Carbon ethylene (gm/cc) (mPa. s) in water (1% in 
Number umber aqueous 

(C) (EON) 250C 250C solution) 
Atlas G-5086 13-15 2.5 0.95 125 insoluble 2-3 
(AEC+E02.5) 

Atlas G-5760 13-15 4 1.01 190 dispersible 2-3 

(AEC+E04) 

Atlas G-5411 13-15 7 1.02 350 soluble 2-3 

(AEC+E07) I 1 -1 1 
Sandopa D-TA 30 17 1 1.00 L_260 I 

soluble 3 

ii) Characterisation ofAlkyl Ether Carboxylic Acid Surfactants 

The surfactants shown in Table 3.3 were qualitatively analysed in order to 

identify the various groups in the surfactant structure. Infrared spectroscopy (IR) and 

nuclear magnetic resonance (IH NMR) were used for this purpose. The spectra showing 

the characteristic groups as identified from IR and NMR spectroscopy [10], are labelled 

as A, B, C, D, E, and F and are shown in Figures Al. I to Al. 8 in Appendix 1. Table 3.4 

gives the detail of various groups identified both from IR and NMR spectra. 
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Table 3.4 
Shift positions of Alkyl ether carboxylic acid surfactants 

identified from IR and NMR spectra 

Frequency(em-')/ 

Chemical Shifts(ppm) 
IR NMR 

A RCH3 
B C-0 R2CH2 
C C-0 H2C-OR 
D C=O 
E CH3, CH2. CH 

IF 
I -OH I - 

-ji 

ii) Chemical structure ofSodium Salts ofAlkyl Ether 

Carboxylates(AECNa) 

R-(OC112CH2), -OCH2-COONa 

Table 3.5 

Physical properties of alkyl ether carboxylates* 

Product Alkyl Oxy- Density Viscosity Solubility pH 
Name Carbon ethylene (gm/cc) (mPa. s) in water (1% in 

Number Number aqueous 

(C) (EON) 200C 200C solution) 

Atlas G-5086 13-15 2.5 - - soluble 7-8 

Atlas G-5760 13-15 4 - - soluble 7-8 

Atlas G-5411 13-15 7 - - soluble 7-8 

Sandopan 30 7 - - soluble 7-8 

A D- 
I 1 _ Marlinate 12-14 1 1.07 1 2000 

1 
soluble 6-7 
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3.2.1.4 Anionic Surfactants 

Chemical structure of Sodium Salts of Petroleum Sulfonate: 

0 

oNa 

where R is a mineral oil chain 

Table 3.6 

Physical properties of Petroleum Sodium Sulfonate 

Product Flash Density Molecular Solubility pH 
Name Point (gm/cc) Weight in water (1% in aqueous 

(OC) 20 OC 11 11 solution) 
Petronate HL 1 1 >160 1 1 1.050 1 [-486 1 ý dispersible I F- lo-11 

3.2.2 THE HYDROCARBONS 

The hydrocarbons used were normal alkanes from n-heptane (nC7), n-octane 
(nC8), n-decane (nCIO), n-dodecane (nC12), n-tetradecane (nC14), n-hexadecane 
(nC 16), and xylene (mix). In all the experiments performed, a given alkane is referred as 
to by its alkane carbon number, ACN, for example for heptane the ACN is 7. The 

alkanes and aromatics employed for the oil phases were general purpose reagent grade 

material obtained form BDH, England and were 99 % pure. However, the n-Octane used 
in the phase behaviour of alkyl ether carboxylic homologous series in the Chapter 8 was 

obtained from Fluka Chemicals (UK) LTD and was 196 % pure. The co-surfactants used 
in this study were n-Butanol, Iso-Butanol, 2-Butanol, Iso-Pentanol, n-Pentanol and 2- 

Pentanol and were also obtained from BDH,, Eangland. 

3.2.3 WATER 

The water used in this study was deionised water that has been further purified 
by passing through an ion-exchange column, an activated carbon column and a 0.2 mm 
filtration column to produce so called Nanopure water. The conductivity of this water 
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was 18 mS. m-1 and surface tension was 71.5 mN/m at room temperature measured using 
the Wilhelmy plate method. 

3.2.4 ELECTROLYTES 

For this study, all the brine solutions were made with dried, regent grade sodium 
chloride (BDH, England) in deionised water. Some experiments were also carried out 
using the dried calcium chloride obtained from Aldrich Chemicals (UK) Ltd. 

3.3 THEORY OF SURFACE AND INTERFACIAL TENSIONS 

The majority of methods of measuring surface tension of a liquid depend on the 
pressure difference generated by the curvature of the liquid surface at the interfaces [I I], 

and can be summarised as 

Ap =yI R, 
(3.1) 

where y is the surface/interfacial tension, R, and R2 are the radii of the curvature of any 
two nonnal sections of the surface perpendicular to one another. This equation is also 
known as the Young-Laplace equation. 

Considering the Laplace equation (3.1), two general cases can be distinguished as, 

a) The shape of the surface when the curvature in one of the orthogonal phases 
is zero, with R2 = Y. This situation can be observed in the wetting of a long 

vertical plate which is partially immersed in the liquid. 

b) The shape of the surface when the curvature in both phases is finite. In this 

case, the shape is usually a surface of revolution about a vertical axis and is 

termed as " axi symmetric". Pendent and sessile drops are examples. The 

shape of the meniscus in a vertical cylindrical tube and the shape of a 

rotating drop, which is symmetrical about the axis of rotation at high speeds, 

are also the examples of this case. 

85 



Materials, Experimental Techniques and Methods Chapter 3 

F 

-x 

Figure 3.1: A meniscus raised by a long plate along with the parameters required t) 
to derive the equation 3.8. 

If we consider a meniscus raised by a long plate as shown in the Figure 3.1 , the radius 
of curvature R, in the plane of the paper decreases from infinity at a point x, where 
height of the meniscus Z approaches to 0, in the flat liquid surface remote from the 

plate, to a minimum value at the point of contact. The tangent to radius R1, a line in the 

surface is straight with I /R2= 0. Now the volume of the liquid V raised from the surface 

with the plate partially immersed in the liquid with a wetting length T is given by the 

relation [12] 

V (a' siný) 
12 

(3.2) 

Where 'a' is the capillary constant given by 

27 (3.3) 
Apg 

and the force F required to raise the liquid of volume V is 

F= VApg (3.4) 
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After substituting the value of capillary constant, a, and volume raised V, in equation 
(3-2), we can write 

ylsiný (3.5) 

If the surface of the plate is vertical and the liquid wets the plate at the angle 0, since 
0= 7t /2-ý, the equation (3.5) becomes 

F= ylcosO (3.6) 

If the liquid raised by the plate wets the plate with a angle zero, and 11 and 12 are the 
length and thickness of the plate respectively, the equation (3.6) becomes 

F= 2(l, +12)7 (3.7) 

or 

F 
2(11 + 12) (3.8) 

Unlike the ring method, the plate method does not require hydrostatic corrections and 
measurements on surfactant solutions are not critical because no new surfaces form 
during the measurement. 

3.3.1 Vertical Hanging Plate (Wilhelmy) 

According to equation (3.7), if the force F required to raise the volume V of the 
liquid above the flat surface which wets the plate at a zero contact angle is measured 
using an electrical apparatus and total length and width of the wetted surface is known, 

this method may be used to determine the surface tension of any liquid. Usually a thin 

plate such as a microscopic cover glass, a rectangle piece of platinum foil or a filter 

paper is used for this purpose, and it is recommend that the surface should be rough 

enough to ensure perfect wetting. 

It is important to note that equation (3.7) takes no account of the curvature of the liquid 

around the end of the plate and it is also found that the end effects can be eliminated if 11 

ý>> 12 [13]. 
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3.4 EXPERIMENTAL METHOD 

3.4.1 General Description of the Apparatus 

Figure (3.2) shows a suitable arrangement of the apparatus with a force 

transducer C, which sends a force T to the recorder. The plate A is allowed to contact 
the liquid contained in the vessel B mounted on a vertical moveable platform D. The 
movement of the platform D is either controlled with a manual or electric motor so that 
the correct height of the liquid B can be achieved. 

Figure 3.2 : Wilhelmy plate apparatus using a force transducer for measuring 

surface tension. Illustration showing plate A, supported by transducer C, which 

measures the force T and platform D for controlling the height of the plate. 

It is shown in Figure (3.2) that the lower edge of the plate A is exactly level with the 

surface of liquid in the vessel. In this position the buoyancy of the wetted plate is zero. 
However, if the edge of the plate is deeper than the surface of the liquid, the force F is 

diminished by an amount proportional to the depth of immersion. For a typical plate, the 

level of the plate with respect to the liquid surface must be controlled to within 0.05 mm 

and this gives rise to a typical error less than 0.05 mN/m. The plate A is adjusted in such 

a way that it is horizontal, and the level of the liquid surface in vessel B is raised until it 

makes contact with the plate, which is initially pulled into the liquid. The balancing 

force is then increased until the plate is restored to the null position, with the lower edge 

of the plate level with the liquid surface. The measurement of the force balance is 

usually accomplished automatically using a light beam and a photocell or a force 
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transducer. Force transducers are usually characterised by a very small displacement 
over the force range to be measured and some of them use a feedback control system 
like that of a microbalance. 

The Wilhelmy plate method can be used to measure a wide range of surface tensions by 

choosing a suitable size of plate and convenient sensitivity of the balance. It is specially 
suitable to the detection of small changes in the surface tension (A7) or surface pressure 
(A7r). 

For this study, the measurements of surface tension were performed using a 
commercially available KROSS Digital Tensiometer, K10 ST, and produced by KROSS 
GmbH, FRG. A vertical suspended rectangular platinum-plate (Wilhelmy plate) of 
exactly known dimensions (2cmx I cm) serves as a test probe. The bottom edge of the 

plate is brought into contact with liquid surface and is thereby wetted. The tensiometer 

utilises the sensors and feedback devices which enable it to determine the force T 

which is trying to pull the wetted plate into the liquid. This force is further used to 

calculate the surface or interfacial tensions from equation (3.8) 

F 
2(11 +12) 

(3.8) 

assuming zero contact angle between plate-surface and tangent line to the wetted length 

as is the case for a platinum plate. 

Since the aqueous solutions contained surface active material, the Wilhelmy plate 

method was preferred over the other available techniques such as ring method. 
Therefore, it is not necessary to form new surfaces for measurement in case of 
Wilhelmy plate method. 

3.4.2 Setting-up the Instrument 

Since the tensiometer used a sensitive force-measuring system, it was necessary 

to ensure that system must not be shaken or jarred while the measurement was in 

progress. It was also ensured that the laboratory table was strong and solidly built. The 

jacket for the sample vessel was connected to the circulating bath to vary and control the 

sample temperature with the thermostat attached. The instrument was coupled with the 

circulating water bath by hosing pipes following the flow direction as shown on the 

instrument. The hose pipes were fitted tightly so that there was no chance of leakage. 
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3.4.3 Cleaning the Plate and Sample Vessel 

Before each measurement was taken, the platinum plate was burned to red hot by 
holding it above a spirit bumer. Methylated spirit was used in the Spirit burner that 
gives a blue flame which is useful for long life of the plate. The plate was then allowed 
to cool down for 5 to 10 minutes before proceeding with the surface tension 
measurements. The measuring vessel was cleaned with acetone, washed with plenty of 
double distilled water and kept in the oven for drying. The sample vessel was made of 
refractory glass and its proper cleaning was very important because vessels can be 

responsible for introducing the errors in the data. 

3.4.4 Zero Adjustment of the Balance 

The zero adjustment of the instrument was carried out before each measurement. 
The thoroughly cleaned and dried sample vessel was then filled with surfactant solution 
and placed carefully inside the jacket. The jacket temperature was adjusted according to 
the value at which the experiment was to be performed using the thermostat attached 
with circulating bath. 

The eyelet of the plate was connected to the hook hanging down from the head piece of 
the instrument. The windguard was closed, the rotary switch was turned to "zero" and 
the toggle switch was moved to "plate". By turning the large knob situated at rear on the 

right side of the instrument, the digital display was adjusted to 00.0 rnN/m. By turning 

the zero adjustment screw in an appropriate direction, the force balance measuring unit 

was brought to zero position by visually observing the zero adjustment indicator. 

Since the zero-ad ustment screw was linked to the torsion wire by a reduction gearing, i 

turning the zero adjustment screw clockwise lowered the balance beam and the pointer 

moved to the negative direction. However turning the zero-adjustment screw counter- 

clockwise raised the balance beam and the pointer moved towards the positive direction. 

Zero adjustment was retained when the pointer stood at zero. 

3.4.5 Measurements with the Surface Tensiometer 

After the zero ad ustment was accomplished, the sample vessel was filled with i 

the surfactant solution whose surface tension was required. The sample vessel was 

placed in the sample jacket. The cleaned platinum plate was attached to the hook 
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hanging from the head piece of the apparatus and waited until it stopped vibrating. The 
sample vessel was then raised to about I mm below the lower edge of the hanging plate 
by turning the large knob located at the lower left side of the instrument. At this point 
the zero adjustment pointer was still be in zero position and the digital display was 
indicating the 0.00 value. After a few seconds, the rotary switch was moved to "RUN" 
and the sample button was pressed once. The plate started vibrating in the vertical 
direction until it contacted with the liquid surface. At this moment, the plate was drawn 
into the liquid and the vibrating motor stopped automatically whereas the servo-motor 
started to commence the actual measurements. The plate pulled out of the liquid by the 
dial-motor until the lower edge of the plate reached to the level of the liquid surface. As 
the plate moved upward, the net pull on the plate was transformed into the tension 
automatically and the pointer indicated the position to within ±1 division on the scale. 
At this point the digital display illustrated the measured value of surface tensions. It is 
important to note that, for each next measurement, the whole cleaning and zero 
adjustment procedure was repeated in order to avoid any error contributed due to the 

contamination. 

3.5 THE SPINNING DROP TECHNIQUE 

When a drop of liquid (oil) is injected into a denser liquid (water), with which it 
is immiscible, the drop will elongate along the axis of the capillary tube when it is spun 

rapidly. The elongation of the drop at a constant volume reduces the rotational kinetic 

energy of the liquid to balance the increase in the interfacial energy. Therefore, the 

measurements of the dimensions of the drop at fixed angular velocity (0, and with 
known difference in density Ap of the two liquids lead to a value of interfacial tension 7 
[14]. The profile of a liquid drop spinning at an angular velocity (0 along the x-axis is 

shown in the Figure 3.3. 

y 

, ARY WAIA- 

lightor liquid (C)il) 

Densor liquid (surfactant aolution) 

Figure 3.3 : Co-ordinate system illustrating the shape of a drop rotating about 

a horizontal axis in a capillary. 
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If the radius of the curvature of the drop at the x-y origin is 'a', the pressure difference 
across the surface at the axis due to the interfacial tension will be 2y/a. Now the Laplace 
equation (3.1) for the pressure difference Ap at a point 'xy' on the surface [ 14] is given 
by 

Ap =d 
sin 0- sinO 

=2 
Apo 2y2 

dy ya 27 

which can be written in the dimensionless form as 

where Y= y/a and 

and 

d sinO 
- 

sin 0 
:-2_ Cty2 

dY y 

a= 
APCO 2a3= 

2ca 
2y 

C 
Apco 

4y 

or 

y 
Apo)' 

4c 

(3.9) 

(3.10) 

(3.11) 

(3.12) 

(3-13) 

A general solution for equation (3.9) has been obtained in the form of a Table (A. 2.1) 

given in Appendix 11 showing the parameters cc, r/a, cr3, x, )/r, yo/r and x,, /y,, [14-15] in 

which Y is the radius of the sphere having the same volume as the drop. x,, and yo are 
the are the semi-minor and semi-major axes of the droplet and V is the parameter 
defined in the equation (3.11). The system consists of the aqueous surfactant solution as 
the denser and hydrocarbon phase as the lighter medium, the interfacial tension passes 
through moderate to very low values. Therefore, two main cases may be considered as; 

a) when the length of the drop is greater than four times the diameter of the 
drop i. e. L> 4D or x,, >> y,, , the interfacial tension can be calculated using 
the approximation described by the Vonnegut [ 16] as 

y= 
Apco'r' 

(3.14) 
4 
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b) when the length of the drop is less than four times the diameter of the drop 
i. e. L< 4D or xO << yo. For this, the values of xO and yo and hence x,, /y,, are 
determined directly from the experimental data as a function of rotational 
speed (o. From the value xO/y, the value of cr3 can be interpolated from the 
Table (A. 2.1) shown in Appendix 11. Knowing the value of Y and hence V, 
the interfacial tension 'y' can be calculated using equation (3.13). 

3.6 EXPERIMENTAL METHOD 

3.6.1 Description of Spinning Drop Apparatus 

A commercially available interfacial tensiometer (SITE 04, Krtiss GrnbH, FRG) 

was used in this project. The complete apparatus consists of two main parts namely the 

control panel and the measuring unit, as shown in the Figure 3.4. The control panel 

exhibits the power supply switch, temperature display (OC), revolution adjusting switch, 

rotation frequency display and horizontal/vertical illumination switches. The rotational 

speed of the capillary can be adjusted by revolution adjusting knob. The digital 

temperature display shows the current temperature of the rotating system and can be 

adjusted to a required value with the thermostated oil bath. The drop visibility can be 

improved with two fluorescent tubes, fitted mutually perpendicular to the sample tube 

axis. This option permits a flexible illumination without eye strain, even over long time 

periods as shown in Figure 3.5. 

The control panel is connected to the measuring unit through wires. The measuring unit 

consists of a horizontal tube fitted with a thermostated circulating oil bath, and a 

microscope as shown in the Figure 3.5. The microscope is used to measure the 

dimensions of the rotating drop whereas the circulating oil controls the required 

temperature. The temperature of the rotating system can be changed and fixed with an 

accuracy of ±1 OC. The capillary is fitted with two end-pieces, one at the inlet and one at 

the outlet. The inlet end-piece has been facilitated with two inlet passageways, one at 

the bottom and the other at the top. The bottom inlet is further connected to the supply 

vessel through hose pipe. To suspend the lighter phase (oil) inside the heavy phase 

(surfactant solution), a horizontal syringe holder-cap is attached to the inlet end-piece. 

The syringe holder-cap facilitates, not only the proper injection of the drop into the 

capillary, but also prevents leakage during the injection. The opening at the top of the 

inlet end-piece is fitted with open end hose pipe for deaeration. Similarly the end-piece 

at the outlet of the capillary is equipped with a screw valve which is used to control the 

flow rate of the heavy phase. 
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Figure 3.4: Spinning Drop Apparatus used for ultra-low interfacial tension measurements. 
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Figure 3.5 : Schematic diagram showing a drop rotating in a capillary and measuring 

microscope. 

An adjustable microscope is attached to the ground-plate located in front of the 

measuring cylinder. The microscope has two magnification lenses known as Mplan and 
Melles Griot which have the magnification factors of 0.31 and 0.17 mm/sdv 

respectively. The microscope could also be moved horizontally along the measuring 

cylinder to make the drop visible. If the drop can not be stopped exactly in the field of 

vision, the handwheel located at bottom on the right side of the groundplate could be 

used to alter the inclination until the drop became visible. Once the drop was in focus, 

one could use the measuring scale, provided inside the eye-piece of the microscope, to 

determine the dimensions of the rotating drop. Note that the eye-piece can be rotated at 

a right angle to measure the length of the drop. 

If only a small volume of the continuous phase was available (for example in a Winsor 

type 11 or type III phase), a small volume accessory was used. With this attachment, the 

amount of heavy phase required was reduced to about 1.0 ml. To install this attachment, 

the standard cylinder end-pieces were replaced with small volume end-pieces. The 

capillary ends are then closed with special septum caps that rotate with the capillary. A 

larger syringe was used to introduce the heavy phase whereas the microsyringe still 

could be used to inject the light phase. 
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The spinning drop apparatus used in this study has a capability to measure extremely 
low interfacial tensions, fromlo-6to about 10 mN/m. The angular speed of the capillary 
can be varied from 0 to 9000 rpm. The temperature of the rotating system can be 
changed from 0 to 100 OC, however it was not recommended to use the equipment 
above 80 OC. 

3.6.2 Cleaning the Spinning Drop Apparatus 

It is important to follow a rigorous cleaning procedure prior to each 
measurement. There are two ways of cleaning the apparatus, one is by flushing the 
rotating capillary with a detergent solution and the other by mechanically with brush 

after dismounting the inlet outlet end-sockets. For dilute surfactant solutions where the 
interfacial tension was measured as a function of time, there was no need to dismount 
the capillary for cleaning. Because of the special design of the apparatus, the surfactant 
solution (the heavy phase) was placed in the horizontal capillary which has a capacity of 
about I ml. The two hexagon sockets, at the inlet and outlet of the capillary, have extra 
fluid capacity of several millimetres and the ends of the capillary reside in the centre of 
the free space. Therefore, during the cleaning and filling of the capillary, it was 
important to remove the entrapped fluid that had settled during washing procedure. 

For the experiments, sufficient cleaning was achieved by rinsing the capillary and inlet 

outlet socket holders with sodium dodecylsulphate solution and then flushing with large 

quantity of distilled water. When the conductivity and surface tension of fluid received 
at the outlet was similar to that of at the inlet, the capillary was considered to be clean. 
Distilled water entrapped in the empty spaces around the inlet and outlet passageways 

was sucked out and the rubber tubing connecting the sample vessel was dried. 

For small samples, such as for the Winsor type 11 and type III systems, the interfacial 

tension measurements were made after cleaning the apparatus mechanically. For this, 

the groundplate is tilted to the left side by turning the handwheel located on the bottom 

at the right side of the groundplate. The water inside the capillary was then sucked, and 
the inlet and outlet valves were closed. The inlet socket-holder was then unscrewed and 

removed from the capillary cylinder. The end of the shaft was then visible. After 

removing the small PTFE-cap with the forceps, the capillary was cleaned with the small 
brush provided with the apparatus. 
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3.6.3 Measurements with the Spinning Drop Apparatus 

The sample vessel was filled with already prepared surfactant solution and the 
capillary was flushed by opening the inlet valve. The solution was collected from the 
outlet and its conductivity was measured. It was discovered that after flushing the 
capillary with sufficient quantity of surfactant solution (200 to 300 ml), the conductivity 
of the solution at the outlet become same as that of inlet solution. At this point the 
spinning rate of the capillary was gradually increased to 2500 rpm. The illumination 

was switched on with switches located at the control panel. The capillary was 
then-nostated at the desired temperature using a circulating oil jacket. The outlet valve 
was closed and a hydrocarbon drop of volume 0.5 ýtl was injected into the capillary tube 

with a microsyringe. By carefully opening the outlet valve (2-3 rotations), the heavy 

phase, along with the drop to be measured, was moved to the centre of measuring 
cylinder. If the drop could not be stopped in the field of vision, the inclination of the 

groundplate was altered by the handwheel. The drop was then focused by moving the 

micro microscope back and forth. The dimensions of the drop was determined as a 
function of time using the scale provided with the microscope. 

Finally the interfacial tensions were calculated using the geometry of the rotating drop. 

When the length of the drop was less the four times the diameter, the interfacial tension 

was calculated using the equation (3.13) and Table (A. 1.1) developed by Princen et al. 
[ 14]. To make the calculations simple and fast, the values of x" and yo were plotted as a 
function of cr3 and xO/r respectively as shown in Figures A. 2.1 and A. 2.2, in Appendix 

11. Best fit algorithms were obtained for the both plots using a curve fitting technique. 

These algorithms, alongwith other known parameters, were then fed into an Excel 

spreadsheet for calculation of the interfacial tensions. The data plotted in Figures A. 2.1 

and A. 2.2 are given in Table A. 2.1 in Appendix II. 

When the length of the drop was greater then the four times the diameter, the interfacial 

tension was calculated by using the Vonnegut's approximation [ 17] for spinning drop 

apparatus SITE 04 as given 

y=3.427x1 0-'(0.3 lxd)'. w'. Au (3.15) 

where y is the interfacial tension (mN/m), 0.31 is the magnification factor, d is the 

diameter of the drop (sdv), (o is the angular speed (rpm), and Au is the difference in 

density of the heavy and lighter phases (gm/cc). 
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3.7 PHOTON CORRELATION SPECTROSCOPY 

Dynamic light scattering exploits the coherence property (where the phase 
relationships are maintained in the scattering process) of the scattered light beam and 
provides the useful information about the dynamics of the particles which are scattering 
the light [18]. The particles in suspension can be regarded as a diffracting array that, 

when illuminated with coherent laser, produces a random diffraction or "speckle" 

pattern consisting of small bright spots and dark areas [19-201. As the particles, 
suspended in a liquid, undergo a Brownian motion, the speckle pattern changes from 

one configuration to another. Hence in a photomultiplier tube having an active area as 
large as the diffraction field, a fluctuating scattered intensity as shown in the Figure 3.6 

can be observed. The characteristic fluctuation coherence time Tc of this intensity, 

which is equal to the time taken for diffraction maxima to replace a minima at the 
detector, is approximately the time for a particle to diffuse approximately wavelength of 
incident light beam. 

INTENSITY 

PHOTOCURRENT 

Figure 3.6: Typical fluctuation of light intensity at the photomultiplier 

and corresponding standardised output photocurrent. 

Thus the measurement of this coherence time will allow one to calculate the 

translational diffusion coefficient D. Conventionally, this coherence time is measured 
by auto correlation, using a multi-channel correlator. The photon correlator measures 

directly the time-dependant correlation function of scattered light by detecting 

individual photoelectron emission, that is the photocurrent as shown in the Figure 3.6. 

The measured intensity correlation function G2(OJ) can be written as follows : 
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G2(Oe, i) = B(l + Clg. (0, T)l2) (3.16) 

where c is the correlation delay time, 0 is the scattering angle, B is the base line to 

which the normalised field correlation function gl(O, -C) decays at long delay times. C is a 
coherence factor which is close to unity and depends on the conditions of the 

experiment. In dynamic light scattering, PCS measures the normalised time dependant 

correlation function. In the ideal case of a dilute suspension of identical spheres, having 

size less than the wavelength of incident laser beam, the correlation function g, (O,, r) is 

an exponentially decaying function: 

(3.17) g, (0,, r)l = exp(--c / T,, 

where Tc is the fluctuation time and is connected to the translational diffusion 

coefficient D. by 

1 
TC 

DQ2 

where 'Q' is the modulus of scattering vector and is defined as 

47t 
Sin 

0 
(3.19) 

A^. 2 

Where is X the wavelength of incident light beam and 0 is the angle at which 

measurement is made. 

The translation diffusion coefficient D is further related to the hydrodynamic radius Rh 

of the particle by the Stokes-Einstein relationship [20] as : 

D 
kT 

67cilRh 
(3.20) 

where k is Boltzmann's constant, T is the temperature, q is the viscosity of the 

continuous phase. 

In this simple case, a measurement of the normalised field correlation function gl(O, -C) 
by PCS easily provides through equation (3.17) the fluctuation time T'. Since Q, T and 

71 are all known (measurable quantities), a combination of equations (3.18) to (3.20) 

gives the particle hydrodynamic radius, Rh. 
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3.7.1 Polydisperse Systems 

The treatment described in the above section is valid only for monodisperse 
spheres. For polydisperse non-interacting rigid spheres, there will be a distribution of 
diffusion coefficients. Thus the equations (3.17) and (3.18) are generalised [19] to 

gl«), T) =f 
F(R)1(R, 0)exp(-D(R)Q'T)dR 

(3.21) f F(R)1(R, 0)dR 

where F(R) is the distribution of particle radii, D(R) is given by equation (3.20) in 

which Rh 'Sset equal to R and I(R, O) is the intensity of scattered light by a suspension of 
N identical particles at angle 0 and is given by the following relation 

I(R, O) - 
167c'R 6N2 

P(O) (3.22) 
r2ý! 

where P(O) is the shape factor with the properties P(O) =1 when 0=0 and P(O)<1 for 0> 

0 and n, and n2 are refractive indexes of particles and solvent respectively. A complete 

solution to a polydisperse situation can be obtained in terms of gl(O,, r) which is the 

Laplace transfon-n of the product F(R)xl(R, O). This can be resolved for a relatively 
broad particle size distribution using complex mathemattical treatment [21]. In such 

solutions,. the treatment relates lnlgl(O, -c)l with Q2-r as a polynomial of infinite order. For 

a narrow distribution, it is possible to expand the exponential for a mean value to give 

InIg, (Q,, r)l = -AQT +BQ4 T2+ (3,23) 
2 

where the coefficients A. B, ... etc. are related to moments of the particle size 
distribution and are defined as 

A 
kT (3.24) 

6ph 

and 

B R6R4 
=--1 (3.25) 

A2 R 52 
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where R' are the n'th moment of F(R). By fitting the logarithm of measured correlation 
function, lnlgl(O, -c)l, to the expression given in the equation (3.23), one can obtain the 
polydispersity index, B1,42 , and the average radius R from the equations (3.24) and 
(3.25). 

3.7.2 Data Analysis with PCS 

For this project the PCS data was obtained by running the correlator in a manual 
mode and the data were analysed using the cumulant technique. This method provides 
the computer calculated z-average diameter, d, and the value of polydispersity index 
(P. 1), B1,42 - The z-average diameter is defined by the following relationship : 

dz-avg 
diPini 

ni 
(3.26) 

where ni is the number of particles of diameter di having a scattering power Pi (Pi is 

proportional to d, 6 ). In PCS measurements, one can usually plot the correlation 
function, ln[g, (Q, T)], as a function of Q2, r. If the experimental plots are linear, then it is 

possible to calculate the diffusion coefficient from the slope of the curve and hence the 

corresponding average diameter of the particle. A narrow distribution of particles is 

expected to have low polydisperisty index (P. I << 1) if the sample measured is 

monomodel. The cumulant analysis only gives a single mean value for the size. It is 

important to note that this mean size is an intensity average because for the mass and 

volume mean one have to use Mie theory which requires the knowledge of the refractive 
indices of the particle and the solvent. When the plot of logarithm correlation function, 
ln[g, (Q, T)], is not linear, the sample is likely to be a polydisperse. Clearly one can get a 
better fit to the resulting curve by expanding the correlation function as described is 

equation (3.23), in order to calculate the values of constants A and B. 

If the distribution of the particles is quite broad, the fit is likely to be poor even for 

second and third order cumulants. Therefore, a treatment similar to the one discussed 

above for the polydisperse systems is necessary. From the calculation of the constants A 

and B from equation (3-23) and (3.24), one can deduce the average radius of the 

particles. it is worth noting that the PCS measurements provide a value of the effective 

radius Rh of the "hydrodynamic unit" which is undergoing diffusion. In the case of a 

microemulsion therefore Rhis likely to be compared of R, the radius of the oil core +d, 

the thickness of a stabilising layer on the outside of the oil core. 
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3.8 EXPERIMENTAL METHOD 

The surfactant aggregate size was measured using a MALVERN 4700 PCS 
apparatus. A schematic diagram of the instrument is shown in the Figure 3.7. The type 
of the laser used in this experiment was an Argon ion (A+) having a wavelength of 488 

nm and power range 16-170 mW. The intensity fluctuations were made at an angle of 
900 and the results are given as the z-averaged mean diameters. Before making any 
surfactant measurements, the instrument was calibrated with a standard. The standard 
sample was polystyrene latex of 20 and 100 nm and were obtained from Duke Scientific 
Corporation, England. 

Three cycles of measurements were performed on each sample and an average of their 
values was used for the aggregate size and polydispersity index. All the measurements 
were made by running the photon correlator manually in parallel mode with a dilation 
factor of 4. The pinhole of the photomultiplier was determined at different locations 
between the 50 to 200 ýtrn, providing the steady count rate at the ratemeter. Since the 

water was the continuous medium, the viscosity (1.0019 cp) and refractive index (1.330) 

of water were used. For measurements above room temperature, the sample was heated 

with the thermostated water bath fitted to the sample cell assembly to the apparatus. For 

each measurement, the temperature accuracy was maintained to ±1 OC. 

The sample was prepared in a dust free environment to avoid dust particles 

contamination. The sample quartz cuvettes of refractive index (1 . 44) were cleaned with 
the acetone, thoroughly rinsed with the nano-pure water, wrapped in a clean aluminium 
foil and dried in an oven. A low concentration (0.5 gm/1) surfactant solution was 
prepared in nano-pure water obtained using the laboratory Nano-Pure apparatus. The 

sample was then filtered into the quartz cuvette using Millipore PTFE filter (pore size 
0.4 ýtm) to the eliminate the dust particles. Now the sample cuvette was placed into the 

cell assembly and the count rate was monitored. The counts received were then 

prescaled using the autoprescale option provided within the correlator control. The 

sample time was then varied until the base line was achieved and a best fit was obtained 

with a minimum error of 0.1 %. 
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Figure 3.7: Schematic diagram of Malvern 4700 PCS used for size measurements. 

3.9 CMC DETERMINATION 

Chapter 3 

The values of the CMCs for pure, as well as the mixtures of the surfactants were 
determined by measuring the surface tension using the Wilhelmy plate methods. The 

surface tensiometer used was made by KRUSS Hamburg, GBR. The instrument has 

accuracy of 0.1 with extreme care. The temperature of all the solutions was maintained 
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at a constant value of 25 OC (very close to room temperature) by a temperature 
controlled water jacket. 

Before each measurement, the platinum-plate was cleaned with acetone, washed with 
distilled water and finally was burned to red hot by holding above a spirit burner. The 
glass sampler was also cleaned with acetone and washed with plenty of distilled water. 
The glass sampler was dried in oven before putting the sample in. The instrument was 
calibrated with a accuracy of 0.5 mN/m using the n-hexane solvent which has a standard 
surface tension of 21 rnN/rn at 25 OC [25]. Having been cleaned and burned, the 
platinum-plate was connected to the hook projecting the head piece. Finally, surface 
tension measurements of different surfactant solutions were carried out according to the 
procedure described in section (3.7.5). 

For each increment of surfactant concentration, the resulting surface tension was plotted 
against surfactant concentration (gm/dl). After the break point was reached in the 
plotted data, another 4 to 5 points were measured. By drawing the best fit lines through 
the data points, the intersection of two lines gave CMC as shown in Figure 3.8. 
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Figure 3.8: CMC determined by the intersection of two data points obtained by plotting 

surface tension as a function of surfactant concentration. 
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3.10 CLOUD POINT DETERMINATION 

The aqueous samples were prepared with one percent by weight surfactant 
concentration in 50 ml glass tubes. The sample tubes were then placed in water bath and 
the system was heated at a constant rate. The cloud point curves were then established 
by usually determining the temperatures at which the surfactant solution turned turbid. 
At a somewhat higher temperature the surfactant solution separated into two phases. 
One of the phases was surfactant rich, whereas in the other the surfactant concentration 
was depleted. The cloud point measurements were also carried out by cooling the 
samples. The experiment was repeated several times and cloud point measurements 
were finally obtained with an accuracy of ±2 OC. 

3.11 PHASE BEHAVIOUR DETERMINATION 

3.11.1 Nonionic Surfactants 

Aqueous solutions containing surfactant, electrolyte (NaCl) and alcohols were 
prepared and equilibrated with oil phase either as a function of number of ethylene 
oxide units or as a function of temperature as the case may be. The mixtures containing 
10 gm. of sample in total were then sealed in graduated glass tubes or graduated 10 ml 
glass pipettes and placed in an oven at various temperatures for a not less than three 
days in order to attain the equilibrium conditions. After measuring the volume fraction 

of each phase by visual observation, which had separated under gravity segregation, the 

sample tubes were then shaken every day in order to allow the different components to 

mix properly. The final readings were then taken when no further change in phase 
volumes were observed. 

The mixtures of xylene and n-hexadecane were prepared following the linear mole 
fraction mixing rule described in section 3.2.1.2. The concentration of each component 

was expressed in weight percent, otherwise specified, of the overall system except 

salinity, which was given in gm/dl (grams/decilitre) of brine. Brines were prepared 

using laboratory distilled water. The aqueous solution to oil ratio (WOR) in each 

measurement was kept equal to 4 and also defined on a weight basis. The phase 
diagrams were then established by varying the number of ethylene oxide (EON) units as 

a function of various variables such as alkane carbon number (ACN), temperature, 

salinity, type and concentration of alcohol, mixture of xylene and n-hexadecane, and 

water-to-oil ratio (WOR). The solubilisation parameters and interfacial tensions of these 

systems were also determined and reported in Chapter 6. 
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3.11.2 Anionic surfactants 

To study the phase behaviour of the anionic surfactants stock solutions 
containing a constant surfactant concentration (3 gm/dl unless otherwise specified), and 
alcohol were prepared. The surfactant solutions were then split into series of glass 
bottles, generally 15-20, containing the surfactant solution with variable salinity. All 
systems were equilibrated by mixing the appropriate volumes of surfactant solution of 
variable salinity with an oil phase in 10 ml glass tubes. The glass tubes containing 
mixed solution were then sealed with heat resistant caps. All tubess were then kept in a 
thermostated water bath and shaken by hand to ensure proper mixing. The tubes were 
shaken by hand each day and allowed to attain the equilibrium for a period of 3-4 days. 
The phase volumes were finally recorded when they reached constant value. 

3.11.3 Combination Surfactants 

2000 ml of aqueous solution containing 60 gm of Alkyl Ether Carboxylic (AEC) 

acid surfactant was prepared and titrated against a strong base (NaOH) until the required 
pH was attained. The surfactant solution of known pH was then split into several glass 
bottles, generally a set of 15-20 bottles, containing of 100 ml of surfactant solutions 
having a variable salt concentration. These surfactant solutions were then equilibrated 
with an oil phase in 10 ml glass tubes. The sample tubes were then shaken by hand and 
placed in a water both at a required temperature. The tubes were then shaken by hand 

each day at a constant temperature and allowed to attain equilibrium over a period of 3- 
4 days. At this time the volumes of various phases were recorded. Observation of the 
tubes was repeated until no further change in volume were observed. This was 
accomplished to verify the equilibrium conditions. The above experimental procedures 
was repeated for other samples having different pH and different surfactants. 

3.12 DETERMINATION OF THE SOLUBILISATION PARAMETERS 

The phase volumes already measured during the their phase behaviour 
determination were then used to determine the amount of oil and water solubilised in the 

microemulsion phase. The volume of oil and water dissolved within the micellar 

solution are quantities of considerable practical interest. The amount of oil and water in 

the micellar/microemulsion phase is termed as "solubilised" and the solubilised volumes 

of oil and water were denoted as Vo and Vw respectively. Since the volume of oil and 

water in the microemulsion phase depends on the amount of surfactant present, Bourrel 
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et al. [6] considered it better to express them per unit amount of surfactant. They 
defined the "solubilisation parameters" SPO and SPw for oil and water as follows: 

SP 
w=W= 

Vwl 
- 

Vsl 
- 

Vw2. 

(3.27) VS VS1 

and 
SP 

0= 
3ýTO - 

Vo 
1- 

Vo 

VS VS1 

Where 

SPW = Water solubilisation parameter 
vW = Volume of water in microemulsion phase 
VS = Volume of surfactant in microemulsion phase 
VW1 = Volume of water phase in the initial state 
VS1 Volume of surfactant in the initial state 
Vw2 Volume of surfactant in the final state 
SPO Oil solubilisation parameter 
Vo Volume of oil in microemulsion phase 
Vol Volume of oil in the initial state 
Vo2 Volume of oil in the final state 

(3.28) 

where Vs is the volume of surfactant contained in micellar/microemulsion phase, 
normally calculated excluding the co-surfactant (alcohols) when they are present. 

When plotting solubilisation parameters, SPO and SPw, as a function of number of 

ethylene oxide units in case of nonionic surfactants or salinity in case of anionic 

surfactants, or against any other system variables, the SPO and SPw curves intersect 

inside the three phase domain. At that point the micellar/micro emulsion phase contains 

equal amount of oil and water. Such conditions are referred to as "optimum" and the 

solubilisation parameter and the number of ethylene oxide units at this point are denoted 

as SP* and EON* respectively. 

3.13 MEASUREMENT OF PHASE INVERSION TEMPERATURE (PIT) 

The characteristic features of the phase inversion temperature (PIT) 

measurement apparatus as a function time are shown in Figure 3.9a and 3.9b. The 

apparatus consists of a sample tube which is surrounded by a heating jacket connected 

to a thermostated water bath. The heating arrangement permits a required rate of heating 
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in the range of I OC to 2 OC. The sample tube is also coupled with a conductivity 
measuring electrode, a motor driven stirrer and a temperature sensor. The aqueous 
surfactant with a defined surfactant concentration and salinity was placed with an oil 
phase in the sampling tube. The apparatus was then sealed with a cover that allows the 
motor driven stirrer, conductivity electrode and temperature sensor to pass through. The 

surfactant mixture was heated and stirred simultaneously at a required rate of heating 

and speed respectively. The surfactant solution attains a constant electrical conductivity 
which remains unchanged because of the technical compensation of its temperature 
dependence [22]. When a certain threshold temperature is reached, the solution 
conductivity increases with a sudden jump, and then immediately drops to a nearly zero 
value. The system temperature was raised 4-6 OC higher than the threshold temperature 

and experiment was repeated upon cooling. It was observed that upon cooling the 

process reverses. When the solution temperature falls below the phase inversion value, 
the solution conductivity rises once again to a maximum value and then stabilise at its 
initial value. 

Hysteresis, which depends on the rate of heating, was observed between the phase 
inversion temperature during heating and cooling. It was observed that for a sufficiently 
low heating rate, the hysteresis disappears and the phase inversion temperature can be 

attained with an accuracy of ±2 OC [22-24]. After standardising the experimental 

conditions, two sets of reading were taken for each measurement, and an average of 
these values was reported as the phase inversion temperature (PIT). 

3.14 pH MEASUREMENTS 

All pH measurements were made using the commercially available pH meter, 

Model 3020, produced by Jenway England. The pH meter consisted of a pH measuring 

electrode, an electrical temperature sensor, and a digital display. The meter was based 

on a microprocessor having the capability of measuring the pH in the range of 0 to 14 

and temperatures from -30 to 150 OC with the resolution of 0.1 pH and 0.1 OC 

respectively. The accuracy of the meter was ±0.02 for pH and ±0.5 OC for temperature 

respectively. Prior to each pH measurement, the meter was first calibrated using the 

automatic calibration option with buffer solution of known pH at constant temperature. 

In this study, the buffers used to calibrate the meter were standard solutions of pH 4,7 

and 10 and were obtained from Aldrich Chemicals (UK) Ltd. 
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Figure 3.9a: Schematic diagram of apparatus used for measuring the Phase Inversion 

Temperature (PIT). 
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Figure 3.9b: Conductivity and Temperature profiles encountered in measuring the Phase 
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3.15 CONDUCTIVITY MEASUREMENTS 

The apparatus used for measuring the electrical conductivity was produced by 
Jenway, England. It consisted of a conductivity cell, an electrical temperature sensor 
and a digital meter. Two special platinum plates having a constant cross-sectional area 
separated by a distance of I cm was used in the conductivity probe. The meter has a 
capability to measure the conductivity within five different selectable ranges. The 
measured conductivity values are automatically temperature compensated with a choice 
of 20 or 25 OC reference temperature. The zero to 20 ý6 conductivity range can be used 
to eliminate the stray lead capacitance in the solution. The accuracy of the instrument 

was ±0.5% (±2 digits) for conductivity and 0.5 OC for temperature. The conductivity cell 
was first calibrated with standard KCI solutions of known conductivities at a reference 
temperature of 25 OC. The probe was then immersed into the solution whose 

conductivity measurements were required. The system was then left until the 

conductivity readings become constant. It should be noted that the conductivity cell was 

washed with the acetone and Nanopure double distilled water before starting the next 

measurement. 
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Chapter 4 

Dynamic Interfacial Tensions of Nonionic Surfactants at the 
OillWater Interface 

4.1 INTRODUCTION 

The capillary number, which determines the recovery of trapped oil ganglia in 

reservoir strata, can be increased by 4 to 5 orders of magnitude by reducing the 
interfacial tension between trapped oil and flooded water to values less than 10-3 mN/m 
[1-2]. This ultralow interfacial tension (IFT) between oil and water can be achieved by 

the introduction of surfactants whose phase behaviour can further be investigated by 

changing other system variables such as surfactant structure, salinity, temperature, oil 
type etc. It has been reported in the literature [3] that there are two regions of ultra-low 
interfacial tension; the first of which is in the low surfactant concentration (0.1-0.2%) 

and the other high surfactant concentration (2.0-10.0%). For a system with a low 

surfactant concentration, ultralow interfacial tension at the oil/water interface occurs 

when the aqueous solution contains surfactant of equal or higher concentration than the 

apparent critical micelle concentration. The low IFT region can be optimised by 

changing one of the system variables such as salinity, temperature, or the number of 

ethylene-oxide units, in the case of nonionic surfactants. Shah [3] has shown that 

minimum in low IFT for both dilute and concentrated solutions has the same value. 
Current theories propose several explanations for the existence of low IFT such as: i) the 

occurrence of the minima in low IFT for surfactant concentration in range of apparent 
CMC [4]; ii) the formation of the middle phase microemulsion equilibrated with excess 

oil and water phases [5]; iii) the adsorption of a monolayer of surfactant [6]; iv) liquid 

crystal formation [7]; v) the occurrence of minima in IFT at HLB (hydrophobic- 

lipophilic balance) temperature [8] and so on. Most of these theories are concerned with 
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low IFT in the region of high surfactant concentration. For ionic surfactants, in a high 
surfactant concentration system, the minima in IFT can be scanned by formulating the 
three phase microemulsion in equilibrium with excess oil and brine phases, within a 
narrow salinity range [5]. However, for nonionic surfactants, the minima in IFT or the 
middle phase microemulsion can be optimised either by changing the temperature, 
salinity or by varying the number of ethylene oxide (EON) units in the surfactant 
molecule [see Chapter 5]. 

The purpose of this study was to investigate the conditions responsible for low IFT in 
ethoxylated nonionic, surfactants by measuring the dynamic and equilibrium interfacial 
tensions between dilute surfactant solutions, having a concentration above the CMC, 
and hydrocarbons. Since the occurrence of a low IFT is very sensitive to variations in 
the structure of a surfactant, the minima in IFT values could be optimised by changing 
the hydrophilic interaction between surfactant head group and water molecules by either 
varying the number of ethylene oxide (EO) units in the surfactant molecule or 
temperature. It has been observed that increasing the number of ethylene oxide units in 
the surfactant molecule increases its solubility in the aqueous phase and hence the CMC 
(see Chapter 5). However, the results show that the aggregate size increases, either by 
decreasing the number of ethylene oxide units in surfactant molecules, or by raising the 
temperature of a surfactant solution. It is also observed that the time required for the 
dynamic IFT to reach a steady value depends on the number of ethylene oxide units in 
the surfactant molecules and hence on the aggregate size. 

Many investigators have focused their attention on the measurement of dynamic surface 
(air/water) or interfacial (oil/water) tensions of surfactant solutions having a 
concentration below the CMC [9-14]. For such solutions, the surfactant exists as 
monomers and their transportation from bulk solution to the interface is considered to be 
diffusion controlled. However, the adsorption phenomenon becomes complex if the 

surfactant solution contains micelles. For micellar solutions, the mass transfer across the 

oil/water interface depends not only the rate of diffusion but also on the rate of micellar 
breakdown, known as the rate of demicellisation [ 15 ]. Consequently, the time needed to 

reach the dynamic interfacial tension at equilibrium is much larger than that for the 

nom-nicellar solutions. 

In this chapter, the dynamic interfacial tension, between the micellar solutions and 
hydrocarbons was measured as a function of time, using the spinning drop method [16- 

17]. A homologous series of nonionic surfactants, nonylphenol ethoxylates, having 

ethylene oxide numbers 5,6,7, and 10 were used for IFT measurements. The 
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hydrocarbons selected were normal alkanes having carbon numbers 7,8,10,12,14, and 
16. Since the surfactant of ethylene-oxide number 5 has a low solubility in water at 25 
OC, a constant surfactant concentration of 0.05 gm/dI, which is above CMC for all 
surfactants, was preferred for this study. The aggregate (micelle) size of the surfactant 
solutions was determined using photon correlation spectroscopy (PCS). Theoretical and 
experimental details about the spinning drop and photon correlation spectroscopy (PCS) 
can be found in Chapter 3. 

4.2 EFFECT OF SURFACTANT STRUCTURE AND OIL CHAIN LENGTH 
ON DYNAMIC INTERFACIAL TENSION 

4.2.1 Introduction 

The dynamic interfacial tension is a physical quantity associated with the 
deformation of the fluid interface, when the surface active material is present in the 

aqueous solution. In this case, the IFT is a time dependant quantity. It depends mainly 
on the way the surfactant transports from the bulk solution to the interface where it 

adsorbs. For ethoxylated nonionic surfactants with a particular hydrophobic group at a 
constant temperature, the dynamic IFT depends on the number of ethylene oxide units, 
the overall surfactant concentration and the hydrocarbon chain length. If the surfactant 
concentration in the solution is above the critical micelle concentration (CMC), micelles 
(aggregates) are formed in the aqueous solution. These micelles (aggregates) act as an 
additional material in the solution which can significantly affect the rate of mass transfer 
from the bulk solution to the interface, and hence the dynamic interfacial tension. The 
influence of micelles (aggregates) on the dynamic IFT depends on their size and 

structure at that temperature. It has been observed that increasing the number of 

ethylene oxide units in the surfactant molecule, or increasing the chain length, both 

influence the time required the dynamic IFT to reach a steady value. Whereas the 

minimum in IFT depends mainly on selective ethylene oxide units which balance its 

interaction both with water and hydrocarbon. 

4.2.2 Results and Discussion 

Figures 4.1-4.6 show the dynamic interfacial tension results for the surfactant, 

nonylphenol ethoxylates, and hydrocarbons at a temperature of 25 T. Each figurýe 

illustrates the dynamic IFT results for a series of surfactant solutions with one particular 
hydrocarbon. For each solution, the surfactant concentration was constant and equal to 

0.05 gm/dI. 
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Figure 4.1: Time dependence of the dynamic interfacial tension between surfactant solutions 

(NP-5, NP-6, NP-7, and NP-10) and n-heptarie (nC7) at a temperature of 25 OC determined 

using the spinning drop method. 
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Figure 4.2: Time dependence of the dynamic interfacial tension between surfactant solutions 

(NP-5, NP-6, NP-7, and NP-10) and n-octane (nC8) at a temperature of 25 OC determined using 

the spinning drop method. 
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Fiaure 4.3: Time dependence of the dynamic interfacial tension between surfactant solutions In 
(NP-5, NP-6, NP-7, and NP-10) and n-decane (nCIO) at a temperature of 25 'C determined 

using the spinning drop method. 
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Figure 4.4: Time dependence of the dynamic interfacial tension between surfactant solutions 

(NP-5, NP-6, NP-7, and NP-10) and n-dodecane (nC12) at a temperature of 25 T determined 

using the spinning drop method. 
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FiCrure 4.5: Time dependence of the dynamic interfacial tension between surfactant solutions :D 
(NP-5, NP-6, NP-7, and NP- 10) and n-tetradecane (nC 14) at a temperature of 25 'C determined 

using the spinning drop method. 
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Figure 4.6: Time dependence of the dynamic interfacial tension between surfactant solutions 

(NP-5, NP-6, NP-7, and NP- 10) and n-hexadecane (nC 16) at a temperature of 25 T determined 

using the spinning drop method. 
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Figure 4.1 illustrates the dynamic IFT results of four surfactants (NP-5, NP-6, NP-7, and 
NP-10) with n-heptane (nC7). It can be seen that for each surfactant/hydrocarbon 
system, the dynamic IFT decreases monotonically. The solubility of the surfactant in 
water and hence the CMC decreases with decreasing the number of ethylene oxide (EO) 
units in the surfactant molecule. For the current surfactant series, NP-5 has a very low 

solubility in the aqueous solution and is dispersible at 25 OC. Therefore the aggregates 
formed are much larger than those of NP-6, NP-7, and NP-10 (see Figure 4.8). 
Therefore, the solubility and the CMC of the surfactants studied increases in the order 
NP-5<NP-6<NP-7<NPIO [18]. Figure 4.1 also shows that the time required for the 
dynamic IFT to reach a steady value depends on the structure of the surfactant and 
hydrocarbon chain length. Since the surfactant NP-5 has a very low CMC, and hence the 

monomer concentration, the time required for the dynamic IFT to reach equilibrium is 
largest. As the surfactant solubility in the aqueous solution increases with increasing EO 

units in the surfactant molecule, the equilibrium time decreases. It can be seen from 
Figure 4.1 that the length of equilibrium time follows the order NP-5>NP-6>NP-7>NP- 
10. Several other studies have revealed that the dynamic surface/interfacial tensions are 
diffusion controlled when the surfactant is water soluble and of concentrations below 

the CMC [10-14,19]. However, if the surfactant concentration is above the critical 
micelle concentration, the mass transfer across the interface depends on diffusion of 
monomers and relaxation processes, i. e. on the rate of breakdown of the micelles 
[15,20-24,26-28]. 

Primarily, it is presumed that for micellar solutions, within a very short time interval, 

free monomers transport from the bulk solution to the interface and this process is 

entirely diffusion controlled. Secondly, micelles close to the interface breakdown and 

monomers released from this process, diffuse on to the interface in order to attain 

equilibrium. Due to the lipophilic nature of the surfactant NP-5, large amounts of 

surfactant monomers diffuse from the bulk solution and penetrate the interface into the 

oil droplet to form reverse micelles. Because of the hydrophobic behaviour of the 

surfactant NP-5. most of the monomers in the aqueous phase form large aggregates. It 

therefore takes a long time to demicellise and diffuse into the oil drop or to the interface, 

in order to achieve equilibrium. It can also be seen from Figure 4.1 that the equilibrium 

IFT values first decrease for NP-5 to NP-6 and then increases for NP-7 and NP- 10. The 

surfactant NP-6 gives a minimum equilibrium IFT value with heptane. Since the 

surfactant NP-7 has higher solubility in the aqueous phase than in the organic because of 

the longer polyoxyethylene chain (see cloud point measurements in Chapter 5), most of 

the surfactant molecules remain in the aqueous solution and the micelles formed are 

mainly monodisperse smaller in size with a high mobility (see Figure 4.9). 

118 



Dynamic Interfacial Tension offonionic Surfactants Chapter 4 

As a result of this, a relatively lesser degree of micelle dissociation take place. It is 
presumed that the free monomers in the solution and micelles close to the interface 
dernicellise thereby saturating the interface and attaining a quick equilibrium. 

Figure 4.2 shows a trend similar to that of Figure 4.1. However, the equilibrium IFT 
values obtained with octane are relatively lower than those with heptane. In the IFT 
measurement scans, it is found that the surfactant NP-6 produced the lower IFT with 
octane. In this case, the times required for the dynamic IFT to reach a steady values are 
higher than those of heptane. However, they decrease with increasing number of EO 
units in the surfactant molecule. The study of dynamic interfacial tension, has revealed 
that the time required for the dynamic IFT to reach a steady value depends on the 
structure of the surfactant, and on the hydrocarbon chain length. Figures 4.1 to 4.6 
illustrate that the length of equilibrium time follows the hydrocarbon order C7H, 6 < 
C8H18 ý> ClOH22 ý> C12H26 > C14H30 < C, 

6H34. Figures 4.1 to 4.6 also indicate that most of 
the experiments seem to reach at equilibrium stage before 600 minutes. The relatively 
low interfacial tension and fast decaying shown by the surfactant NP-6, indicate that this 

surfactant is the most balanced (i. e. the surfactant at this stage attains equal interactions 

to both the water and oil phases). Kinetic studies on spontaneous formation of 
intermediate phases in aqueous solution of ethoxylated iso-nonylphenols and octane, has 

also has confirmed the results shown above. It has been shown through these studies that 

the interfacial tension decreases faster for surfactant with EO=6 than for those with 
EO=7, and EO=8 [25]. 

The relaxation curves for the dynamic interfacial tension plotted for four surfactants 
(NP-5, NP-6, NP-7, and NP-10) and for five hydrocarbons may be described by an 
exponential function of the form 

(Ydyn --": (Teq+ a. e-mt (4.1) 

whereCydyn iSthe dynamic interfacial tension as a function of timeý Geq 'Sthe equilibrium 
IFT value (when t-->oo), Cyeq+a is the IFT value at the beginning of the experiment when 
t=: O, V is the exponent representing their rate of decay. 

The above equation was fitted to the experimental data for each surfactant and 
hydrocarbon studied, and the overall fit to each set of data was found to be satisfactory 
(see Figures 4.1-4.6). The equilibrium IFT values, constantV, and exponent Im', for each 
fit are surnmarised in Table 4.1. 
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Table 4.1 
Values of equilibrium IFT(Ge when t-*oo), constants (a), and exponents (m), for NP 

surfactants and alkanes 

Alkanes Surfactant CFe 

(mN/m) 
a 

(mN/m) 
m 

(min-') 
;:: L-, 

Teq 

(min) 

n-Heptane NP-5 0.418 2.50 0.012 33 25 
NP-6 0.162 2.38 0.025 160 
NP-7 0.911 0.71 0.079 60 
NP-10 1.261 0.35 0.069 45 

n-Octane NP-5 0.287 2.82 0.013 380 
NP-6 0.0436 2.52 0.024 210 
NP-7 0.788 1.04 0.070 100 
NP-10 1.1124 0.23 0.052 85 

n-Decane NP-5 0.224 2.29 0.012 340 
NP-6 0.0846 2.71 0.037 180 
NP-7 0.3703 1.18 0.056 90 
NP-10 0.8987 0.50 0.051 80 

n-Dodecane NP-5 0.158 2.12 0.012 320 
NP-6 0.1061 1.60 0.032 170 
NP-7 0.290 1.03 0.079 80 
NP-10 0.898 0.69 0.086 65 

n-Tetradecane NP-5 0.1172 2.74 0.013 300 
NP-6 0.1540 1.95 0.024 165 
NP-7 0.3520 1.29 0.078 70 
NP-10 0.4491 1.20 0.079 60 

n-Hexadecane NP-5 0.1200 2.16 0.008 - 
NP-6 0.1785 1.72 0.026 30 23 
NP-7 0.4320 0.63 0.069 60 
NP-10 0.7988 0.79 0.058 50__ 

The results indicate that the rate of decay of the dynamic IFT and the minimum in IFT 

value depend on the structure of the surfactant and the chain length of the hydrocarbon. 

It can be seen that increasing the hydrophilic interaction of the surfactant by increasing 

the number of EO units, for a particular hydrocarbon, increases the rate of decay. It 
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seems that the rate of decay depends not only on the initial value of interfacial tension 
but also on the final equilibrium state i. e. the time at which the dynamic IFT reaches to 
a steady value. The value of the exponent V for surfactant NP-6 is a maximum for 
decane. However, the minimum interfacial tension was determined for octane with 
surfactant NP-6 from equation (4.1). This is probably due to the dependence of the 
decaying function on the final (second) equilibrium value [60], or it could an 
experimental error. 

Several studies [30-331 on IFT behaviour of ethoxylated nonionic surfactants reveal 
that for pre-equilibrated systems, low interfacial tension can be achieved, and it 
depends on the system variables such as surfactant structure, oil type, additives such as 
salinity, alcohol type and concentration, and temperature. Hayes et al. [30] have shown 
that for nonylphenol ethoxylates, IFT behaviour is insensitive to hydrophobe branching 
but that the IFT minimum position is extremely sensitive to EO contents. They have 

also shown that most solution variables, such as salinity and alcohol concentration, 
exhibit less influence on the IFT behaviour of nonionic surfactants than anionics. 

In this work, it has been shown that for nonequilibrated systems, the dynamic adsorption 
from bulk solution to the interface and the low IFT of the nonionic surfactant molecules 
are highly sensitive to the hydrophilic moiety of the surfactant and the length of oil 
chain. The minimum in IFT value occurs only for a surfactant which exhibits an equal 
interaction to oil and water with a maximum packing capacity on the interface. For ionic 

surfactants, experiments have shown that, for a given surfactant formulation and 

concentration, the optimal salinity decreases with decreasing alkyl group chain length 

when the oil is a straight-chain hydrocarbon [34]. In the current case, nonionic 

surfactants have been selected such that their interactions with water can be modified by 

changing the degree of ethoxylation of the molecule. An increase in the number of 

ethylene oxide units of a nonionic surfactant is equivalent to the decrease of the salinity 

with an anionic surfactant. An advantage in using ethoxylated nonionic surfactants is 

that they form microemulsions in the absence of a co-surfactant such as short-chain 

alcohols. However, a disadvantage encountered in using ethoxylated nonionic 

surfactants is their partitioning, to some extent, between oil and water [35]. As a result of 

this, the optimum three phase region mapped as a function of number of ethylene oxide 

units shifts towards higher values of EO units with increasing the carbon atoms in the 

alcohol molecules [36]. Increasing the alkyl chain length of an alcohol more than 7 

carbon atoms shifts the optimum phase region towards the lower number of ethylene 

oxide units. The surfactant partitioning effect can also be seen from the decrease of the 
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equilibrium time (time required the dynamic IFT to reach a steady value) with increasing 
the hydrocarbon chain length (see Table 4.1). 

Changing the oil type, compensated by the hydrophilic interaction of the surfactant can 
be explained by using the so called the R-theory, detailed in Chapter 2. To account for 
the effects of the oil type and surfactant structure, the R-theory presented by Bourrel et 
al. [37] may be summarised 

Aco - A00 -ALL 
Acw -Aww -AHH 

(4.2) 

Winsor has suggested that the value of the R-ratio is R=ACO/Acw. He showed that if the 
value of R<<I, then Type-I (o/w microemulsion+excess oil) systems will be formed and 
if R>>I, then Type-11 (w/o microemulsion+excess water) systems will result. However, 
if the value of R_- I, then the hydrophilic and lipophilic tendencies of the surfactant to oil 
and water would be balanced, and Type-III (middle phase microemulsion+excess oil and 
water) systems would be formed. It has been shown through several studies [5,33-37,43] 

that the Type-III system is responsible for the ultra-low interfacial tensions between 

excess oil and water phases. 

For the surfactant NP-5, the interfacial tension values for heptane are the largest and the 
IFT values follow the order nC7>nC 8>nC I O>nC 12>nC 14>nC 16 as shown in Figure 4.7. 
This is expected from the R-theory (equation 4.2) since the interaction energies (AOO) 
between oil molecules are lowest for short chain alkanes and they increase with 
increasing the number of carbon atoms in the alkane, and as a result, a decrease in the 

numerator of equation (4.2) will occur. It is important, therefore, to have a low 

interaction energies between the surfactant molecules and water for compensation. This 

can be achieved by reducing the size of the surfactant head group, by decreasing the 

number of ethylene oxide units in the surfactant molecule. For a shorter alkane, for 

example heptane, the value of the R-ratio would be >>1 for NP-5, and a Type-11 system 

would be expected to form, and hence the interfacial tension would shift to a higher 

value. As the chain length of the hydrocarbon is increased from heptane (nC7) to 
hexadecane (nC16), the interaction energies between the oil molecules increase. This 

brings about a reduction in the value of the numerator of the R-ratio and the system 
transforms from Type-II to Type-III. This results in a minimum interfacial tension for n- 
hexadecane in an NP-5 system (see Figure 4.7). 
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Figure 4.7: Equilibrium interfacial tensions for hydrocarbons heptane (nC7), octane (nC8), 

decane (nC 10), dodecane (nC 12), tetradecane (nC 14) and hexadecane (nC 16) as a function of 

number of ethylene oxide units in the surfactant molecule at a temperature of 25 "C. 

The interaction energy between surfactant and water molecules Acw, can be increased 

simply by increasing the number of ethylene oxide (EO=6) units in the surfactant 
molecule, the denominator of the R-ratio (equation 4.2) is then increased. For the 

surfactant NP-6, an oil scan is shown in Figure 4.7. A diminution in alkane carbon 
number (ACN) causes a decrease in the interaction energies between the oil molecules, 
and at the same time, the interaction between the oil and surfactant molecules increases. 
This in turn increases the value of the numerator in the R-ratio ('equation 4.2). It is shown 
in Figure 4.7 that octane balances the interaction energies in the numerator and the 
denominator of the R-ratio. At the same time, the lowest interfacial tension between the 

surfactant NP-6 and octane is obtained. For this reason, octane is called a "preferred" 

alkane. This is due to the increase of the interaction energies of the surfactant molecule 

with both oil and water. Increasing the length of the oil chain, without changing the 
interaction between the surfactant molecule and water, will increase A00 and lower the 

value of the numerator, thereby increasing the R-ratio to a value >>I. This corresponds 
to a Type-11 system. Therefore, the IFT values increase with increasing ACN after the 

system has been optimised for one particular alkane. 

123 



Dynamic Interfacial Tension offonionic Surfactants Chapter 4 

For a surfactant with high EO contents (EO-7 and EO=10), the interaction energy 
between the hydrophilic head group and water molecules, ACW, is larger. Here, the 
surfactant molecules have a higher solubility in the water phase than in the organic. This 
behaviour can be further verified by cloud point measurements (see Chapter 5). It can be 
seen that the solubility of an ethoxylated nonionic surfactant in water, increases with 
increasing number of EO units in the surfactant molecule, and decreases with increasing 
temperature. Therefore, the denominator of the R-ratio (equation 4.2) has higher values 
for each ACN starting from heptane to hexadecane. The R-ratio will be <<I which 
corresponds to a Type-I phase equilibria. The equilibrated IFT values increase as the 
system moves away from the optimum stage (in present case octane with NP-6 for which 
R; zýl), that is from Rýý-, l to R<<1 or R>>I. Therefore, the equilibrated IFT values 
demonstrate no significant difference for each hydrocarbon studied (see Figure 4.7) as 
the system transforms from Rý I to R<<l. 

4.3 CORRELATION BETWEEN AGGREGATE SIZE AND LOW 
INTERFACIAL TENSION 

4.3.1 Introduction 

Microemulsions have been remained a focus of a substantial research during the 
last few decades because of their use in several applications [38-39]. Many of these 
investigations determined phase diagrams, and in particular focused on the conditions 
under which a surfactant adsorbs at the oil/water interface to produce a maximum 
solubilisation and ultra-low interfacial tensions [36,40-41]. This formulation has a great 
many applications, for example, in enhanced oil recovery [42]. Optimum conditions can 
be achieved when parameters like the salinity, type and concentration of co-surfactant, 
temperature, and the structure of the surfactant are varied or when the mixing ratio of a 
surfactant with an oil is changed [5,43-44]. The most favourable condition for the 

solubilisation of an oil in surfactant solutions is attained when the interfacial tension is at 
its minimum value [45-46]. Good and Ostrovsky [471 reported the variation of dynamic 

IFT with time for petroleum sulfonate-hydrocarbon systems, after changes in pressure 

applied to the system. The systems were pre-equilibrated for various lengths of time at a 
temperature of 20 OC before each measurement was commenced. They found that mass 
transfer across the boundary (interface) occurs after changes in pressure. As a result of 
this, the IFT and the volume of sessile drop were changed with time. They also found a 

strong correlation between the change in the IFT value and the change in drop volume. 
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In this work, the system studied was not pre-equilibrated. The change in the dynamic 
IFT with time occurred when a surfactant solution was placed in contact with a 
hydrocarbon at a constant temperature of 25 OC (see Figures 4.1-4.5). A change in the oil 
droplet size and hence the dimensions of the droplet in the spinning capillary tube, 
suggests that mass transfer occurs across the interface. The variation in the dynamic IFT 
and the drop volume with time is probably due to solubilisation of the hydrocarbon in 
the interfacial region. The kinetic studies of dilute surfactant solutions placed in contact 
with hydrocarbons have shown that the minimum equilibrated IFT value was observed 
for the surfactant which exhibited maximum mass transfer at the oil/water interface [25]. 
For a particular hydrocarbon (octane), they have shown that the rate of variation of 
interfacial tension increases with decreasing the number of EO units in the molecule. It 
approaches a maximum value for the surfactant solutions with EO=6, and then decreases 
with further reduction in EO units. 

4.3.2 Results and Discussion 

In this work, an attempt has been made to correlate the aggregate (micellar) size 
with the rate of mass transfer at the oil/water interface and hence the time required for 
the dynamic IFT value to reach the equilibrium value. Figure 4.8 shows a plot of the 
surfactant aggregate size, at a constant surfactant concentration (0.05 gm/dl) in solution, 
with the time needed for the dynamic IFT to reach a steady value. It can be seen from the 
figure that the equilibrium time (T, q) increases with decreasing the number of EO units 
in the surfactant molecule, whereas the aggregate size increases. It has been observed 
that the surfactant NP-5 required the longest time to reach a steady value, and that the 
time required decreases with increasing the hydrocarbon chain length. The only 
exceptions to this were heptane and hexadecane which show unusual behaviour, which 
will be explained later. The surfactant NP- 10 needed a very small time to reach a steady 
value. It seems that the equilibrium time is proportional to the surfactant aggregate size 
until it approaches its maximum value, i. e. the surfactant is totally hydrophobic and 
exhibits negligible solubility in the aqueous phase. If the equilibrium time (Teq) is 

proportional to the surfactant aggregate size, then it is presumed that the process of 
lowering the IFT is controlled by diffusion of the micelles to the interface. Theory 
dealing with the variation of dynamic surface/interfacial tensions with time of a micellar 
solution will be discussed in the later section. 

Bourrel et al. [48] have shown that the solubilisation power of ethoxylated nonylphenol 

surfactants increase with decreasing chain length of the hydrocarbon. They found that 

the solubilisation power of the these nonionic surfactants was a maximum for the 
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hydrocarbon having alkane carbon number in the range close to n-octane and n-heptane. 
However, the alkanes shorter than heptane exhibited an unusual behaviour. In the present 
case, the dynamic IFT measurements were carried out with surfactants having fixed 
ethylene oxide units, and octane appears to be a suitable alkane (out of nC7 and nC1O) 
for producing low interfacial tensions with the surfactant NP-6. The existence of a 
preferred alkane, corresponding to the minimum in IFT value with EO units, can be 
interpreted with the help of the R-ratio (equation 4.2). As already mentioned, decreasing 
the ACN entails a decrease in A00, but also causes a reduction in ACO, which has been 

neglected so far. According to regular solution theory, Bourrel et al. [48] mentioned that 
the interaction between the lipophilic part of the surfactant and the oil molecules can be 

assumed to vary like the geometric mean of the lipophile-lipophile and oil-oil 
interactions. Hence, when ACN becomes low enough, the decrease in the interaction 

energy ACO, may overcome the decrease in A00, giving rise to an overall reduction in the 

numerator of the R-ratio (equation 4.2). Consequently, a decrease of solubilisation power 

of the surfactant is expected. The decrease in the equilibrium time of n-heptane for the 

surfactant studied is perhaps due to its relative reduction of solubilisation power and 
hence an increase in interfacial tension values. 

400 

350 

300 

, 250 

E 200 

-0 

150 

100 

50 

0 
0 50 100 150 200 250 jou 4UU 

Aggregate Size (nm) 

Surfactant Conc. = 0.05 gm/dl 
0 Temperature 25 C 

NP-5 

nC7 

nC8 
NP-10 

A nCIO 

NP-6 nC12 

nC14 

nC16 
NP-7 

Figure 4.8: The effect of aggregate size on the time needed the dynamic interfacial tension to 

reach steady value for set of hydrocarbons (heptane to hexadecane) at a temperature of 25 OC. 

Chiu et al. [491 have extensively studied the rate of solubilisation of hydrocarbon at the 

interface as a function of hydrophilicity of the nonionic surfactants. He has shown that 
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the rate of solubilisation increases with increasing hydrophobicity of the surfactant. He 
also observed that there was no significant difference in the dynamic and equilibrium 
solubilisation capacity. He related the size of the micelles with the effective volume of 
solubilisation and concluded that the larger the surfactant micelle, the more effective the 
solubilisation. However, the effective volume of solubilisation may or may not be 
proportional to the geometrical size of the micelle. It mainly depends on the packing of 
the surfactant molecules at the interface and the mutual compatibility of the surfactant 
and oil molecules. In most cases, the effective volume of solubilisation is proportional to 
the size of the aggregates. When the micelle size is too large, close to or on the cloud 
point temperature, the packing of the monomer becomes too tight, and the effective 
volume of solubilisation may decrease with micelle size [50]. This may be the case with 
the surfactant NP-5. This surfactant has very low solubility in water and forms large 

aggregates at a temperature of 25 OC. This may be the reason that the time required for 
the dynamic IFT to reach a steady value is large for this surfactant and decreases with 
decreasing micelle size (see Figure 4.8). 

It has been found in literature that the CMC of the surfactants studied follows the order 
NP-5<NP-6<NP-7<NP-10 [18]. This means that the concentration of surfactant 
monomer increases in the same order. Since the monomer diffuses more rapidly than the 

micelles, the time required the dynamic IFT to reach a steady value depends on the 

concentration and size of the aggregates in solution and can be divided into three 

regions. These will be discussed in the next section. Since the aggregate size increases 

with decreasing hydrophilic interactions of the surfactant molecule, by decreasing the 

number of ethylene oxide units in the surfactant, the IFT values decrease with decreasing 
the EO units for all the surfactants studied with exception of the surfactant NP-5. It was 

concluded that the equilibrium time (Teq) and hence the interfacial tension depends not 

only on the average size of the surfactant aggregates, but also on the mutual 

compatibility of surfactant and hydrocarbon molecules. It is evident from Figure 4.6 that 

the surfactant NP-6 gives minimum IFT value with octane whereas NP-5 has higher 

value for the same oil and shows the lowest value for hexadecane. However, the 

solubilisation power optimised as a function of ethylene oxide number, decreases with 
increasing alkane carbon number and decreasing ethylene oxide number [48]. The IFT 

measurements performed on pre-equilibrated surfactant solutions as a function of the 

number of ethylene oxide (EON) units and alkane carbon number (ACN) indicate that 

the optimum IFT values decrease with decreasing alkane carbon number and increasing 

the EO units (see chapter 6). It can also be seen that the minimum IFT value and 

maximum solubilisation were obtained with octane. 
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A similar type of behaviour has been reported in the literature by Healy and Reed [5,5 1] 
and Barakat et aL [52] who used the solubilisation parameters to correlate the IFT of a 
surfactant. Huh [41] has also developed a model which has been verified by several 
practical examples which relate the optimum solubilisation parameter with interfacial 
tension. Shinoda et aL [53] have concluded that the solubility of oil in the surfactant 
phase (or micelle) should be large in order to achieve a low IFT between oil and water. It 
is generally recognised by many investigators [42,44,52] that higher solubilisation and 
ultra-low interfacial tensions play an important role in the recovery of trapped oil in 

porous media. The higher the solubilisation power of a surfactant at reservoir conditions, 
the larger the amount of oil recovered [5 1 ]. 

4.4 EFFECT OF TEMPERATURE ON AGGREGATE SIZE AND 
INTERFACIAL TENSION 

4.4.1 Introduction 

The appearance of turbidity in an aqueous surfactant solution, as the temperature 
is raised, has been interpreted using classical light scattering studies [54]. These studies 
indicate that there is a rapid increase in micellar aggregation number, with long 

cylindrical micelles being formed as the temperature approaches the lower consolute 
point (LCT) [54]. However, there is still a contradiction of opinion regarding the growth 
in size of micelles as the temperature approaches the cloud point. Recent studies, 
involving the use of small angle neutron-scattering, indicate that only a moderate growth 
in micelle size occurs, but there is an increase in the intermicellar interaction as the 

system approaches the two phase boundary [55]. In the following section, it has been 

shown that increasing the temperature of an ethoxylated nonionic surfactant solution has 

a considerable effect on aggregate size. The interfacial tension measured between the 

surfactant micellar solution and octane as a function of temperature indicate that a 

minimum in IFT occurs at the temperature in vicinity of cloud point. 

4.4.2 Results and Discussion 

Figure 4.9 shows that there is a change in the aggregate size of an ethoxylated 

nonionic surfactant, with 7 moles of ethylene oxide units in the molecule, as the solution 
is heated. Since the surfactant is initially water soluble at room temperature, the micelles 
formed are monodisperse and have an aggregate size in the range of 20 to 30 run. It was 

also observed that the confidence within which aggregate size was measured, using 

photon correlation spectroscopy (PCS), was much higher below the cloud point (cloud 
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point-37 "C). It is observed that there is no significant change in the aggregate size, 5T 
below the cloud point, however, there is a sudden increase in the aggregate size above 
this temperature (see Figure 4.9). It can also be seen that the aggregate size continues to 
increase at temperatures above the cloud point. This continues until a point after which 
any further increase in temperature causes the surfactant to come out of the solution and 
a reduction in aggregate size is observed. 
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Figure 4.9: Effect of temperature on aggregate size of surfactant NP-7 (0.5 gm/dl) solution 

determined by PCS. 

Figure 4.10 shows that the interfacial tension between a micellar solution of surfactant 
NP-7 and n-octane. It decreases with increasing temperature to a point where the 

minimum in IFT occurs, and is termed as the optimum temperature (T*). Any further 

increase in temperature after the optimum point causes an increase in the IFT values. It 

has been seen that a correlation between the aggregate size and a decrease in interfacial 

tension prevails. It can be seen from the figure that there is no significant change in the 

aggregate size and hence the interfacial tension, between the surfactant solution and 

octane below the cloud point. As the temperature is further increased after the cloud 

point, a sudden increase in the aggregate size and a decrease in the interfacial tension is 

observed. However, the minima in the interfacial tension occurs at temperature, a 

somewhat higher (-20 T, higher than cloud point) than the temperature at which the 
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maximum increase in the size of the aggregate is observed. This is perhaps due to the 
influence of size and structure of the solubilisate (ACN). Shinoda et al. [56] observed an 
appreciable increase in the cloud point temperature of surfactant solutions saturated with 
non-polar hydrocarbons. They have found that long-chain hydrocarbons which are 
solubilised in the inner core of the micelle, appear to cause an increase in the cloud 
point. Hancock [57] has pointed out that ethoxylated non-ionic surfactants are most 
effective (in lowering interfacial tension and detergency etc. ) when they are used at 
temperature 20 T above their cloud point. In this temperature range, the surfactant 
concentration is maximised and polar groups are still hydrated sufficiently to formulate a 
viscous interface. These results indicate why this so. 
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Figure 4.10: Effect of temperature on interfacial tension between aqueous solution of 

surfactant NP-7 (0.5 gm/L) and n-octane determined by the spinning drop tensiometer. 

As already mentioned, when the temperature of a micellar solution of an ethoxylated 

nonionic surfactant in contact with a nonpolar hydrocarbon is increased, its solubility in 

the aqueous phase decreases, due to the dehydration of the POE chain, whereas its 

solubility in the nonpolar oil phase increases. With further increase in the temperature, 

the oxyethylene chain dehydrates and the surfactant molecule becomes more lipophilic. 

This will in turn solubilise more and more nonpolar oil into the interior of the micelle 
[58]. In the vicinity of the cloud point, the swollen micelles change their structure and 

separate into a distinct phase. If excess oil and water phases are established at this stage, 
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the system will separate into three phases [59] and this third phase is known as a middle 
phase microemulsion or Winsor Type-III phase equilibria. If the temperature of the 
system is further increased, the surfactant molecules become more lipophilic and their 
solubility in the aqueous phase decreases whereas it increases in the organic phase. 
There will be a particular temperature where the hydrophilic and lipophilic interaction of 
the surfactant "balances" and interfacial tension is at or close to its minimum value. This 
is the temperature at which the o/w emulsion inverts into w/o emulsion and is termed the 
phase inversion temperature (PIT) [58]. The temperature at which the surfactant phase 
solubilises equal volumes of oil and water and causes a minimum in interfacial tension is 

called the "optimum temperature (T*)". For operational purposes, there is no difference 
between the phase inversion temperature and the optimum temperature [56,60]. Aveyard 

et al. [61] have shown that the interfacial tension decreases with increasing temperature 
of an ethoxylated nonionic surfactant and the minima in IFT occurs at the PIT. They 
have also shown that the size of the globule increases with increasing temperature and 
the decrease in interfacial tension is inversely proportional to the size of the 
hydrodynamic radius. Figure 4.10 shows that the interfacial tension starts decreasing in 
the vicinity of the cloud point and as the aggregate size continues to grow bigger and 
bigger, the tension decreases. The minima in IFT value occurs at a temperature where 
the surfactant aggregate becomes large enough to come out of the solution. This may be 

correlated to the phase inversion temperature (PIT) or the optimum temperature (T*). 

As the surfactant continues to become more and more lipophilic with further increases in 

temperature, at a point after the phase inversion temperature, the micelles invert to the 

excess oil phase and a w/o emulsion is formed. At this stage, the globule (reverse 

swollen micelles) reaches its maximum size. A further increase in temperature causes a 

reduction in the globule size thereby squeezing the water out of micelles, and as a 

consequence, the interfacial tension starts increasing [61]. 

Hoffmann [62] established a correlation between values of surface and interfacial tension 

with micellar structure. He has shown that interfacial tensions around 2 mN/m or larger 

correspond to values of area per molecule that are more than twice as large as the cross- 

section of a hydrocarbon. Therefore, the curvature formed around the micelle must be 

highly curved and convex. As a result of this, the micelles formed must be of spherical 

shape. Rod-like micelles are present when the interfacial tension is less than 3 but 

greater than 0.1 mN/m. The rod-like micelles reach their maximum stability when the 

interfacial tension is approximately equal to 0 .3 mN/m. Interfacial tensions less than 0.1 

mN/m correspond to disc-like micelles. Hence, it is expected that increasing the 

temperature of an ethoxylated nonionic surfactant may cause not only the increase in the 
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aggregate size, due to change in the structure of the micelles, but also the intermicellar 
growth. 

4.5 ADSORPTION KINETICS OF NONIONIC SURFACTANT SOLUTIONS 

AT OILAVATER INTERFACES 

4.5.1 Introduction 

Surfactants play an important role in a number of disciplines including the 

petroleum industry, and petrochemical technologies. In certain cases, equiiibrium 
properties of surfactant adsorption are insufficient. Therefore, a knowledge of dynamic 

adsorption is required. Surfactants being surface active, adsorb at the interfaces when 
they are present in liquids. In such cases, their adsorption at the interfaces (air/water or 
oil/water) may be an unusual function of time. It depends on the way the surfactant 
molecule transports from the bulk solution and adsorbs at the interface. By measuring 
the dynamic interfacial tension at the interface as a function of time, it may be possible 
for one to study the mass transfer processes, which are of importance for the stability of 

emulsions and foams. The kinetics of surfactant adsorption at surfaces have been 

addressed by several investigators [9-14,19,20-24,26-27]. Numerous experimental and 
theoretical techniques have been devised in order to measure the dynamic surface or 
interfacial tensions. However, most of the studies were carried out on surfactant 

solutions having concentrations less than or close to the critical micelle concentration 
(CMC) [9-14,191. A review paper by Chang et aL [9] has reported numerous models and 

experimental techniques which describe the dynamic and equilibrium aspects of 

surfactant adsorption at interfaces, especially for non-micellar surfactant solutions. For 

such surfactant solutions, the time required for the dynamic surface or interfacial tension 

to reach a steady state is in range of a few seconds or milliseconds. 

If the surfactant concentration exceeds the critical micelle concentration (CMC), the 

surfactant adsorption phenomena becomes complex since the solution contains not only 

the monomers but micelles as well. Above the CMC, the surfactant molecules aggregate 

to form micelles which appear as an additional source of material which considerably 

affects the mass transfer at the interface and hence the dynamic interfacial tension. As 

already mentioned, the time required for a particular surfactant to reach a steady IFT 

value depends on the structure of the surfactant and system variables such as temperature 

and additives. A few attempts have been made to study the kinetic, and dynamic 

adsorption of micellar surfactant solutions at interfaces [15,20-24,26-28,62]. For 

ethoxylated nonionic surfactants, the equilibrium time decreases with increasing number 
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of oxyethylene units in the surfactant molecule [see Figure 4.7]. It seems, therefore, 
impossible to measure the dynamic IFT for a surfactant with a large number of ethylene 
oxide (>7 for NPE series) units using the spinning drop method. Chang et al. [9] have 

pointed out that for such instruments, the dead time is of the order of minutes, and the 
method is not useful for fast dynamic tension measurements. If the surfactant aggregates 
become large, as in the case of NP-5 and NP-6, their diffusion in the bulk solution 
retards,, which considerably affects the mass transfer across the interface. Now, the time 

required the dynamic IFT to reach a steady value will be large and of the order of 
minutes. 

In the present case, an attempt has been made to study and interpret the dynamic 

adsorption of nonionic surfactant (NP-6) at the oil/water interface using the spinning 
drop method. The hydrocarbons selected for the interpretation and analysis were octane 
(nC8), decane (nCIO), dodecane (nC12), tetradecane (nC14) and hexadecane (nC16). 
The oil droplet was injected into the rotating capillary tube containing the micellar 
solution and dimensions of the rotating droplet was recorded as a function of time. 
Chapter 3 describes a detailed theoretical and experimental section for the spinning drop 

technique. 

4.5.2 Results and Discussion 

4.5.2.1 Adsorption Kinetics ofSurfactant NP-6 at the AlkanelWater Interface 

Initially, it was assumed that the dynamic interfacial tension at the oil/water 
interface should be similar to that at the air/water interface. As already mentioned, the 

solubility of ethoxylated nonionic surfactants varies as a function of ethylene oxide units 
in the molecule. For a fixed lipophilic tail, the aggregate size and hence the aggregation 

number, increases with decreasing the number of EO units in the molecule (see Figure 

4.8). For a particular hydrocarbon, there is one specified EO unit for which the 

interaction of the surfactant molecule between oil and water is exactly balanced. The 

surfactant molecules diffuse from the bulk solution to interface and start saturating the 
interface. Hence the time required for the dynamic IFT to reach a steady state value 

depends on the rate of diffusion of the surfactant molecule from bulk solution to the 

interface. As the size of the head group of the surfactant increases, the area per unit 

interface occupied by the surfactant molecule increases. Therefore, the number of 

molecules occupying the interface are less than those which have the same sized 

lipophilic tail but a smaller area per head group. The equilibrated interfacial tension is, 

therefore, of a somewhat higher value. For such a surfactant system, the time required 
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for the dynamic IFT to reach a steady value is lower (see Figures 4.1-4.6). With the 
increase of the packing density of surfactant molecules at the interface, the interfacial 
tension decreases accordingly. Hence, the time needed for the surfactant molecules to 
travel from the bulk solution to the interface is highly dependent on the structure of the 
surfactant. As mentioned above, the time required for the dynamic IFT to reach a steady 
value for surfactant NP-6 is highest for octane. This may be the reason that the surfactant 
NP-6 has the maximum capacity at the octane/water interface, and produce ultra-low 
interfacial tensions. However, the rate of decrease in interfacial tension is highest for 
decane. This might be due to the acquisition of inaccurate early time data for octane, and 
the dependence of the decrease of the interfacial tension with time on the final 

equilibrium state. It has been seen from the IFT measurements, carried out with a 
spinning drop apparatus, that a surfactant which has highest packing density at the 

oil/water interface, and exhibits a minimum in interfacial tension, needs a longer time to 

reach a steady state value. 

In order to ascertain if the adsorption process is diffusion controlled or not, Rillaerts and 
Joos [151 derived an expression which accounts for the effects of micelles on the 
dynamic surface tension. This equation in its complete form is given as 

r- 
dcy ( 710 

1/2 

(4.3) Cyd = Cyeq -I-- 
dC ýiD) kkk 30) erf ýl9 

)+ 
exp(- ý, 

) 
2 

where Cyd is the dynamic interfacial tension at dilatation 0, and CY, q 
is the interfacial 

tension at equilibrium. f' is the amount adsorbed(Mol/CM2), D is the diffusion constant 
(CM2/min) and 0 is the dilatation (min-') and is equal to (2t)-l. For k=O, the above 

equation reduces to one which has been used for long time approximation for surfactant 

solutions having concentration less than or at the CMC [9-14,19], and is given as 

CY =Ci -F 
dci (7U0 1 1/2 

eq dC ýiD) (4.4) 

For k/20-2: 1, numerical calculations reveal that equation (4.3) can be approximated by 

Cyd = CTeq - 17 
dcy 0 

/2 dC (Dk)' 

Using Gibbs adsorption equation, 

(4.5) 
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one can get 

From equation (4.4) for a surfactant solution with C= Ccmcg 

RTIF, 2( 
7C ) 

1/2 

(yd = (7eq + 

2Ccmc 

-dcr = RTI7d In C 

dcy RTF' 
dC c 

(4.6) 

(4.7) 

(4.8) 

or 

C: 5ccmc 
t-), oc 

RTF,,, ' (-" 1/2 

2Ccmc 5 (4.9) 

now for equation (4.5) for concentrations C>C,,,,, 

RTFm 
2 (_ 1_ 1/2 1 

Cyd = CTeq +- 5k. 
) 

2Ccmc 

or 
dCTd RT]Foc 

2 (- ik 
C>Cý., 2Ccmc k 
t-), Oc 

(4.10) 

(4.11) 

Hence, using equations (4.9) and (4.11), one can find a relation to calculate the V values 
for nonionic surfactants [20-21], 

(dcydd, 
2 

dt-112) C=C. c 
k (4.12) 

d 
71 (da 

dt-')C>Cc3nc 

t-., "oc 

For dynamic interfacial tension, one can consider three possible situations; i) the rate of 

micelle dissociation or dissociation constant, k, is small as compared with the adsorption 
time. It is expected that for this time scale, the equilibrium between the micelles and 
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monomers has not yet been attained, ii) in this life-time, an equilibrium exists between 
the micelles and monomers, and the dynamic interfacial tension is a function of 
dilatation (0). The micelle dissociation constant, k, can now be evaluated from equation 
(4.12); iii) for this time scale, the previous equilibrium smoothly enters into a second 
equilibrium for which the demicellisation rate is much faster than the diffusion. 

The validity of equation (4.9) has been checked below the CMC and at the CMC by 
Rillaerts et al. [15], Fainerman [20-21], Joos et al. [19] and many others [9-14] using 
several surface and interfacial tension measuring methods. They have shown that the 
value of diffusion coefficients below the CMC obtained using equation (4.9) has no 
remarkable difference with the one at CMC. However, there was a considerable increase 
in the value of the diff-usion coefficient for surfactant solutions above the CMC as 
determined by equation (4.9). 

The CMCs of the NP series surfactants and their diffusion coefficients, for 

concentrations twenty times higher than the CMC (0.5 gm/L), as measured by Photon 
Correlation Spectroscopy (PCS), are summarised in Table 4.2. It can be seen that the 
diffusion coefficients of the bulk solutions increase with increasing degree of 
ethoxylation in the surfactant molecule. Since aggregate size is also a function of the 

number of ethylene oxide units in the surfactant molecule, decreasing the aggregate size 
while increasing the EO units, allows the micelles to diffuse at a higher velocity. As can 
be seen in Figures 4.11 to 4.120, the data for dynamic interfacial tension as a function of 
elapsed time can be divided into three regions. Initially, the free monomers in the 

solution adsorb at the newly created interface and the equilibrium between the micelles 
and monomers has not been reached. In the middle time range, an equilibrium between 

the micelles and monomers has been reached and interfacial tension decreases linearly 

with dilatation. The surfactant concentration in the vicinity of the interface decreases 

which cause the micelles to dissociate and as a result of this, monomers are released and 
diffuse to the interface. For the final section, the equilibrium between micelles and 
monomers shifts to another equilibrium position in which the rate of micellar breakdown 

affects the rate of decrease in interfacial tension. Rillaerts and Joos [15] have concluded 
that this micellar breakdown and their adsorption at the interface is diffusionally 

controlled. However, their diffusion constant is much larger than one for systems having 

concentrations equal or below the CMC. 
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Figure 4.11: Dynamic interfacial tension of surfactant NP-6 (CCnICý6NIO-9 MOI/CM3 ) as a I 
function of dilatation (t-1) for n-octane determined by the spinning drop method. 
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Figure 4.12: Dynamic interfacial tension of surfactant NP-6 (Ccmc":: 61xlO-9 mol/cm 3) as a 

function of dilatation (t-1/2) for n-octane determined by spinning drop method. 
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Figure 4.1-3: Dynamic interfacial tension of surfactant NP-6 (C ý6 1x 10-9 mol/ cm') as a 1: 1 cmc 
function of dilatation (H) for n-decane determined by spinning drop method. 
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Figure 4.14: Dynamic interfacial tension of surfactant NP-6 (CCMC=61xlO-9 Mol/ CM3 ) as a 

function of dilatation (t-1/2) for n-decane determined by the spinning drop method. 
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FigUre 4.15: Dynamic interfacial tension of surfactant NP-6 (C ý61xlO-9 MOU CM3 ) as a tD cmc 
function of dilatation (t-1) for n-dodecane determined by the spinning drop method. 
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Figure 4.16: Dynamic interfacial tension of surfactant NP-6 (Ccmc=61xlO-9 Mol/ CM3 ) as a 

function of dilatation (t-1/2) for n-dodecane determined by the spinning drop method. 
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Figure 4.17: Dynamic interfacial tension of surfactant NP-6 (C : --6 1x 10-9 Mol/ CM3 ) as a -t) cmC 
function of dilatation (t-1) for n-tetradecane determined by the spinning drop method. 
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Figure 4.18: Dynamic interfacial tension of surfactant NP-6 (CCMC=6 Ix 10-9 mol/ cm 3 

as a function of dilatation (t-1/2) for n-tetradecane determined by the spinning drop 

method. 
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Figure 4.19: Dynamic interfacial tension of surfactant NP-6 (C ý61xlO-9 Mol/ CM3 ) as C) cmc 

a function of dilatation (t-1) for n-hexadecane detennined by spinning drop method. 

1.6 

1.4 

1.2 

E I 

0.8 

cc 0.6 

0.4 

0.2 

1\ 

NP-6 
n-hexadecane 

III 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 

t- 1/2 

Figure 4.20: Dynamic interfacial tension of surfactant NP-6 (Ccmc=6 Ix 10-9 Mol/ CM) 

as a function of dilatation (t-1/2) for n-hexadecane detennined by the spinning drop 

method. 
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Table 4.2 
Physical Properties of NP series surfactants 

Surfactants CMCS CmC Diffusion 
(MOI/CM3) Coefficients* 

(CM2/SeC) 

NP-5 60x 10-9 0.0026 L35xlO-8 

NP-6 61xlO-9 0.0028 2.90xlO-8 

NP-7 70x 10-9 0.0048 27.93xlo-8 

NP-10 68xlO-9 - 
T-0.0046 

J1 
*Determined from PCS 

Table 4.3 

Dissociation Constants and Diffusion Coefficients for NP-6 

Oil 'Dk' 

from 

eq. 4.11 

Diff. Coeff. 

(middle time) 

from eq. 4.9 

Diff. Coeff. 

(late time) 

from eq. 4.9 

nC8 

nCIO 

3.05xIO-9 

4.83xIO-9 

2.00x1O-7 

2.13xIO-7 

6.26xIO-6 

4.29xIO-6 

nC12 5.00xIO-9 3.66xIO-7 2.53xIO-6 

nC14 6.98xIO-9 3.70xI 0-7 

nC16 1.41xIO-8 I 4.87xIO-7 1.17x 1 0-6 

Using equations (4.9) and (4.10), the experimental data show a linearity between the 

dynamic IFT and dilatation for middle and late time periods (see Figure 4.11 to 4.20). 

Figures 4.11 and 4.12 show the dynamic interfacial tension as a function of dilatation (t- 
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1) and (t- 1 /2) for octane and the surfactant NP-6. In each experiment, the surfactant 
concentration in the bulk solution was 0.5 gm/L, which was well above the CMC of the 
surfactant. For high dilatation or for short time periods, the micelles and monomers are 
not in equilibrium, therefore the data points do not follow the straight line. The diffusion 

coefficients can be calculated using equation (4.8) for middle and late time periods by 

using the surface adsorption data for the surfactant NP-6, ]F,, =3.5xlO-IOMOI/CM2, from 

equilibrium surface tension data [58], and surfactant concentration at CMC, 6lxlO-9 

Mol/CM3, and these data are summarised in Table 4.3. It can be seen that the values of 
diffusion coefficients increase with increasing hydrocarbon chain length. This can be 
further verified from equilibrium time data where the time required for the dynamic 
interfacial tension to reach a steady value decreases with increasing hydrocarbon chain 
length (see Figure 4.7). It can also be seen that the values for the diffusion constants for 
late time period are much higher than those of middle time periods (see Table 4.2). At 

this stage, the dernicellisation rate is fast and the diffusion of micelles becomes much 
more important. It is interesting to note that the values of the diffusion constants, for 
both the middle and late time periods, are higher than that of the bulk surfactant solution, 
2.9xl 0-8 CM2/sec, as measured by PCS. Hansel and Joos [22] used equation (4.8) for 

micellar as well as non-micellar solutions and found that there was a significant increase 

in the values of the diffusion constants for micellar solutions. 

In Figure 4.11, the dynamic interfacial tensions for the surfactant NP-6 are plotted as a 
function of dilatation (0). The data are in agreement with equation (4.10) and a linear 

relation is found except at very low and very high dilatation. The values of the factor 

'Dk' were calculated at the same surface adsorption and concentration as stated above, 
for surfactant NP-6 and hydrocarbons studied using equation (4.10). The values 

calculated are listed in Table 4.3. It can be seen that the values of factor 'Dk' increases 

with increasing length of the hydrocarbon chain. It means that the dernicellisation 

constant depends not only the surfactant concentration [15,21] but also on the type of 
interface. As already mentioned, the ability of a surfactant molecule to adsorb at the 

interface and lower the interfacial tension to ultra-low values depends on the structure of 

the surfactant and hydrocarbon. As the area per surfactant molecule at the interface 

decreases, the number of molecules per unit area of the interface increases and hence the 

tension decreases. This behaviour can be clearly observed from the values of the 

dissociation constant. The increase in the values of the dissociation constant V with 
increase in length of hydrocarbon chain shows that there is a smaller area per unit 
interface is available, and hence the time required for the dynamic interfacial tension to 

reach a steady value become lower. 
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4.6 SUMMARY 

Several conclusions can be drawn from the measurements of the dynamic 
interfacial tension of ethoxylated non-ionic surfactants, having 5,6,7, and 10 ethylene 
oxide units in the surfactant molecule, with alkane carbon number (ACN). The 
relaxation curves for the dynamic interfacial tension exhibit a decaying function for each 
set of data. An exponential function in the fon-n, Cydyn ý CTeq+a. e`, fit each set of 

experimental data. The dynamic interfacial measurements made with a spinning drop 

apparatus indicate that the time required for the dynamic IFT to reach a steady value 
depends on both the structure of the surfactant and hydrocarbon. The equilibrium time 
(Teq) decreases with increasing number of ethylene oxide units in the surfactant for a 
particular hydrocarbon. The dynamic IFT data reveal that as the chain length of 
hydrocarbon increases, the equilibrium time decreases. However, it is interesting to note 
that the surfactant structure which exhibits the optimum "balance" of lipophilic and 
hydrophilic interaction with its preferred hydrocarbon, needs the longest time to reach a 
steady value. Of the surfactants studied, the surfactant NP-6 has octane as the preferred 
"alkane" and the surfactant NP-5 gives optimum results with hexadecane. However, the 
lowest IFT value was observed between the surfactant NP-6 and octane. 

A linear relationship has been observed between the aggregate size of the surfactants and 
the equilibrium time for all the hydrocarbons studied except hexadecane in the case of 
the surfactant NP-5. This is probably due to the surfactant NP-5 having an almost equal 
interaction to hexadecane and water. For this,, the oil molecules need more time to 

penetrate the micelle surface or adsorb at the interface to achieve maximum packing 
capacity. Under these circumstances, the surfactant NP-5 has an optimum balance with 
its preferred "alkane" i. e. hexadecane. 

It has been found that increasing the temperature of a water soluble micellar solution (for 

example NP-7) causes the surfactant monomers to aggregate. A sudden increase in the 

aggregate size has been observed in the vicinity of the cloud point. The interfacial 

tension measurements between micellar solution (NP-7) and octane as a function of 
temperature revealed that the IFT values begins to decrease at the cloud point. The 

correlation between the aggregate size and IFT values as a function of temperature, 

shows that a miniMUM. in the IFT is observed at temperatures where the surfactant is no 

more soluble in the aqueous solution. For surfactant NP-7, approximately a temperature 
difference of 20 OC was observed between the cloud point and the position of the 

minimum IFT value for octane. 
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Using the kinetic theory of adsorption for nonmicellar and micellar solutions of non- 
ionic surfactants, the dynamic IFT data for a slowly adsorbing surfactant, NP-6, was 
interpreted. For the surfactant NP-6, two equilibrium time periods were observed. It is 
presumed that the first equilibrium time period existed between free monomers and 
micelles. Whereas, the second equilibrium time period occurred when micellar 
breakdown affects the relaxation time, and hence the dynamic interfacial tension. The 
calculation of the diffusion coefficients and micelle dissociation factor, k, from the 
experimental data shows that the rate of surfactant adsorption at the oil/water interface is 

affected by the structure of the surfactant and hydrocarbon. Simply increasing the 
hydrophilicity of the surfactant by increasing the number of EO units in the surfactant 
molecule, increases the rate of diffusion of surfactant molecules from the bulk solution 
to the interface and a speedy equilibrium is attained. It is observed that the second 
equilibrium emerges at the end of first equilibrium time period. High values of the 
diffusion coefficient for the second equilibrium time period data indicate that the 
transport of the surfactant monomers from micellar solution to the interface is fast. 
However, the extrapolation of the straight line through second equilibrium data does not 
result in the equilibrium IFT value. The reason for this behaviour could probably be due 

to errors in the initial dynamic IFT data. It is also observed that the diffusion of NP-5 

surfactant molecules into the rotating oil droplets in the capillary tube, or at the oil/water 
interface was faster than that of surfactant NP-6. This is why the time taken by the 
dynamic IFT to reach a steady value was higher for surfactant NP-5 than for surfactant 
NP-6. 

Note: Subsequent to initial submission of this thesis, publications by Miller et al. [63- 

65] where an alternative theory describing the dynamic adsorption of surfactants to an 

oil/water interface, where the mass transfer from one phase to another has been 

presented. Their treatment'may well be a more appropriate one that given here where no 

mass transfer across the oil/water interface has been assumed. 
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Chapter 5 

Micellar Behaviour of Pure and Mixed Ethoxylated Nonionic 
Surfactant Systems 

5.1 INTRODUCTION 

The design of a microemulsion/micellar slug for surfactant flooding needs 
careful attention in order to attain the ultra-low interfacial tensions essential for 

mobilising the trapped oil ganglia in the porous media. Ultralow interfacial tensions and 
spontaneous emulsification have been shown to occur when a surfactant rich phase, the 

so called Winsor Type-III phase equilibria, is in equilibrium with both the excess oil and 
brine phases [1-5]. In the last chapter, it was shown through the dynamic adsorption 
behaviour of dilute surfactant solutions, that ethoxylated non-ionic surfactants have the 

potential to lower the interfacial tension at an oil/water interface to very low values. It 

was also shown that this ultra-low IFT value depends on the structure of the surfactant if 

all the other system variables, such as temperature, surfactant structure, oil chain length 

and other additives, if any, were kept constant. Four ethoxylated nonionic surfactants 

with ethylene oxide numbers of 5,6,7, and 10 were used in investigating their dynamic 

adsorption and low interfacial tensions. The experimental results show that for a specific 

surfactant structure containing a certain number of ethylene oxide units in the molecule, 
low interfacial tensions (IFT) can be found with one particular hydrocarbon. It was 

shown that the surfactant NP-6 produced a very low interfacial tension, in the range of 
10-2mN/m, with octane. However, the interfacial tension between the two boundary 

surfactants, NP-5 and NP-7, and remaining alkanes was boosted to higher values. From 

these results, it may be concluded that for nonylphenol ethoxylated surfactants, the 

ultra-low interfacial tensions and hence the Type-III phase equilibria can be found by 

varying the number of ethylene oxide units as a function of ACN at a constant 
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temperature of 25 OC. It is therefore necessary to investigate the micellar properties of 
ethoxylated nonionic surfactants before proceeding to the study of phase behavior of 
microemulsions. 

The purpose of the following work was to determine the effect of the mixing ratio of 
two nonionic surfactants, upon mixed critical micelle concentration (CMC). A 
synergistic effect was observed when the mixed CMC data was plotted as a function of 
mole fraction mixing. A series of mixed surfactants with a mole fraction difference of 
0.2 EO units were obtained by assuming the linear mole fraction mixing rule, as detailed 
in Chapter 3. The particular surfactants used for mixing were Nonylphenol Ethoxylates 
(NPE) ranging from low (EO=5) to high (EO= 15) number of ethylene oxide units. Since 
the water solubility of an ethoxylated nonionic surfactant depends on the size of the 
head group, i. e. on the number of ethylene oxide units, cloud point measurements were 
carried out as a function of the number of ethylene oxide units. It has been shown that 
the water solubility of the surfactant increases with increasing the number of ethylene 
oxide units but it decreases with increasing temperature and electrolyte (NaCl) 

concentration. A linearity was found when the cloud points were plotted as a function of 
log(EON). A change in the value of the slope was observed when the salt concentrations 

were increased. Using the surfactant mixtures obtained following the linear mole 
fraction mixing rule, phase behaviour studies were investigated by varying the number 

of ethylene oxide (EON) units in the surfactant molecule as a function alkane carbon 

number (ACN), specifically to scan the three phase region (Winsor Type-III phase 

equilibria), along with other system variables such as temperature, salinity, the type and 

concentration of alcohols in Chapter 6. 

5.2 AQUEOUS BEHAVIOUR OF PURE AND MIXED SURFACTANT 

SYSTEMS 

5.2.1 Cloud Point and HLB Number 

The sudden appearance of turbidity of an ethoxylated non-ionic surfactant 

solution on heating is called the cloud point. If the temperature of the surfactant solution 
is raised further, the solution tends to separate into two distinct phases. This phase 

separation occurs within a narrow temperature range and depends on the concentration 

of the surfactant [6]. The phases that appear after the cloud point temperature consist of 

an almost micellar-free dilute solution of the ethoxylated nonionic surfactant at a 

concentration equal to its CMC at that critical temperature, and a surfactant-rich 

micellar phase [7]. 
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The water solubility of nonionic surfactants depends on their polarity deten-nined largely 
by the ethylene oxide number (EON). Based on a large number of experiments, Griffin 
[8] assigned a HLB (Hydrophilic-Lipophilic-Balance) number to each surfactant. Later 
on Griffin [9] linked the ethylene oxide units to HLB using the following relationship : 

HLB = 
wt. %EO 

5 
(5.1) 

Therefore, the HLB number is only one way of characterising the polarity of an 
ethoxylated nonionic surfactant. When a non-ionic surfactant is added to two 
immiscible or partially miscible liquids, e. g. oil and water, it preferentially adsorbs at 
the interface forming an adsorbed monolayer. The unadsorbed surfactant dissolves, 

either in the aqueous phase, or in the oil phase, depending on the temperature of the 

system and the HLB number of the surfactant. A nonionic surfactant usually dissolves 
in the aqueous phase at low temperatures and in the oil phase at high temperatures. 
There is a narrow temperature range over which the solubility of the surfactant in water 
and oil phase is very small and as a result of this behaviour, a third isotropic liquid 

phase can be observed I 101. 

It was shown in the previous chapter that, for ethoxylated nonionic surfactants with a 
constant hydrophobe, there is one particular surfactant hydrophilic head group which 
exhibits an ultra-low interfacial tension with a particular hydrocarbon, under fixed 

system conditions. The literature contains many examples in which systematic 
optimisation enables the chemical structure of the surfactant to be optimised for 
individual system variables such temperature, salinity, type and concentration of co- 
surfactants., water-to-oil ratio, etc. However, selection can be made more flexible if one 
uses a mixed surfactant system for well defined system variables. In this work, two 

ethoxylated non-ionic surfactants, one having 5 number of ethylene oxide units and the 

other 15, were mixed together and their micellisation behaviour investigated. The theory 

used to predict the mixing behaviour of this homologous surfactant system is outlined 
below 

5.2.2 Theory of Mixed Micelle Formation 

There are several models available in the literature which describe mixed 

micellisation, but the one that is conventionally used is the phase separation approach. 

In this model, it is assumed that the micelle, the monomers in the bulk and the 
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monomers at the interface are in equilibrium. Hence, the condition of equality of the 
chemical potential for different phases can be applied. 

Rubingh [I I] introduced the activity coefficient, fi, that is related to the interaction 
parameter, P, and the mole fraction xi of a species i as: 

fi = exp(p(l - xi)') (5.2) 

According to this relationship, the interaction parameter, P, is directly related to the 
molecular interactions in the mixed micelle. 

In the case of a single pure surfactant system where the micelles consist of a single 
species, the chemical potential at the CMC is given as: 

It I 
bulk 

= ýt I 
o, bulk 

+ RTInC, 

and 
ýt mic 

=ýt 
bulk 

ýt O'Mic 

(5.3) 

(5.3) 
Where Vtl"c is the chemical potential of component I in micelles, ý11 bulk is the chemical 
potential in bulk solution, Vtl""c is the chemical potential of component I in its pure 
state. 

In the case of mixed surfactant systems, where the micelles contain more than one 
species, the chemical potential for the monomeric component of surfactant I in the bulk 

micelle solution can be written as: 

ýt I 
bulk 

..: ýti 
o, bulk 

+RTInC, 
mono (5.4) 

And the chemical potential for surfactant I in mixed micelle is given as: 

ýt I 
mic = ýt I 

O'Mic + RT In fx (5.5) 

where f, is the activity coefficient and 'x' is the mole fraction of surfactant I in the 

mixed micelles. As the chemical potential of the monomeric component of surfactant I 

in the bulk micelle solution and in the mixed micelle become equal at equilibrium: 

PL I 
mic 

: ý-- ýI I 
bulk 

(5.6) 

By manipulating the equations (5.3) to (5-6), we obtain 
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cl mono 
= xfCl 

A similar procedure can be used for component 2 to derive the relationship 

C2 mono 
--"- (1 

- X)f 2C2 

Chapter 5 

(5.7) 

(5.8) 

where f2 is the activity coefficient of surfactant 2 in the mixed micelle andC2 is the 
critical micelle concentration of pure surfactant 2. 

At the concentrations below the mixed CMC, the concentration of component I is 

simply given by 

CI mono. (XC* (5.9) 

and component 2 

__,: (I _ a)C* C mono (5.10) 

At the mixed critical micelle concentration (C*), we obtain the following relationship by 

combining equations (5.7), (5.8) and (5.9) : 

ac *= xfCl 

and 

00C* -'ý 
(1 

- XAC2 (5.12) 

By eliminating 'x' 

CC oc 
-+ (5.13) 
f1cl f2C2 

In the ideal approximation for which fl= f2=1, equation (5.13) reduces to 

1-a+1- (X 
ci C2 

which is the expression produced by Lang and Beck [ 12] and Clint [ 13 ]. 
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For a bicomponent system equation (5.2) can be written as : 

fl = exp(ß(1 - x)') 

and 

f2 
= exp(px') 

Chapter 

(5.15) 

(5.16) 

Substituting the activity coefficients for surfactants I and 2 from equation (5.15) and 
(5.16) into equation (5.11) and (5.12), we obtain, 

x exp(ß(1 - x)'ý, = (xC* (5.17) 

and 
(I - x)exp(p(x')ý, = (I - c)C* (5.18) 

Hence 

ß= In ýýo-, / (1 - x)' (5.19) 
clx 

Equations (5.17) and (5.18) are two simultaneous equations that can be solved and 

written as: 

2 Inrc*(X) 
JL ( -ýý, -x ) 

xý In 
C (I a) 
C, (I - X) 

=I (5.20) 

Since we can measure the critical micelle concentrations of a mixture of known mole 
fraction ((x) , as well as those of pure components, C, and C2, the above equation can be 

numerically solved for 'x' and hence for P using equation (5.19). 

By following the Regular Solution Theory, if we assume that P has the same value (by 

taking the average of known values across the whole mole fraction) then, for any other 

values of mole fraction ((x), equations (5.17) and (5.18) can be solved for variables 'x' 

and mixed critical micelle concentrations (C* ). 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Cloud Point Determinations 

It has been observed that the temperature at which clouding of an ethoxylated 
nonionic surfactant occurs depends on the structure of the surfactant and the 
composition of the solution. Figure 5.1 shows the cloud point temperature of an 
ethoxylated nonylphenol aqueous solution (1 gm/dl) as a function of the number 
ethylene oxide units in the surfactant molecules for various degree of salinity, 
determined following the procedure described in Chapter 3. It can be seen that the cloud 
point increases with polarity i. e. with increasing number of ethylene oxide (EO) 

units/HLB, and decreases with the addition of electrolyte (NaCI). Figure 5.1 also shows 
that increasing the degree of ethoxylation in the surfactant molecule, the cloud point 
temperature at first increases rapidly and then increases more slowly. 

The cloud point data shown in Figure 5.1 are also plotted as a function of salinity for 

various EO units in Figure 5.2. One notes from this figure that there is a significant 
increase in the cloud point temperature per unit increase in the number of ethylene oxide 
in a surfactant molecule. However, a steady decrease in the cloud point is observed 

when cloud point is plotted as function of salinity for a surfactant with a particular EO 

unit. Figure 5.3 gives the cloud point (CP) as a function of logarithm of the number of 

ethylene oxide (EON) units for nonylphenol ethoxylated surfactants for various degrees 

of salinity. A linear variation of CP with EON can be seen from a log-linear plot (see 

Figure 5.3) which will be explained latter in this section. 

As mentioned above, when a non-ionic surfactant is mixed in an aqueous solution, the 
head group of the surfactant hydrates to form a thick sheath around the polar ends i. e. 

around the polyoxyethylene chain. The size of this sheath indirectly determines the 

strength of the interfacial film formed [14]. Heating or addition of soluble electrolytes 
(e. g. NaCl, CaC12, KCI etc. ) results in the dehydration of these polar groups and reduces 

the solubility of the surfactants. Increasing the polyoxyethylene (POE) chain in the 

surfactant molecule results in an increase of degree of hydration and an increase in the 

interaction energy between the water molecules and POE chain is observed. This 

behaviour can be clearly seen from cloud point measurements which indicate that the 

cloud point temperature increases when the size of POE chain increases. These results 

are in agreement with Osipow [15] who has observed that for ethoxylated nonionic 

surfactants with a particular hydrophobic group, the cloud point temperature at first 
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increases rapidly with increasing number of ethylene oxide units and then eff, ýct 
becomes insignificant with further increase in the POE chain. He also observed that the 
cloud point temperature is not a strong function of concentration. 

loc 
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Figure 5.1: The dependence of cloud point temperature on the mole fraction of ethylene oxide 

units present in the hydrophilic head group of the surfactants. 
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Figure 5.2: Effect of salinity on cloud point of pure surfactants NP- 10, NP- 15, and NP-20 in 

aqueous solutions (I gm/dl). 
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Figure 5.3: Plots of cloud point (CP) against logarithm of number oxyethylene units (EON) 

for surfactant, Nonylphenonl Ethoxylate. 

As already mentioned, the most perceptible feature of non-ionic surfactants behaviour is 

that they exhibit a cloud point and lower consolute temperature [ 13 ]. The occurrence of 
lower consolute temperature (LCT) and cloud point (CP) has been linked by many 
investigators to changes in the micellar aggregates; either a sudden increase in the 

micellar size or increase in the aggregate size due to intermicellar growth. We observed 

an increase in the aggregate size when a dilute solution of an ethoxylated nonionic 

surfactant with 7 moles of ethylene oxide, was heated (see Chapter 4). The nature of the 
forces involved in the aggregation of the surfactant molecules has been studied in detail 

by Kjellander [16-17]. He pointed out that the interaction forces are a consequence of a 

strong entropy dominance in the free energy. At low temperatures, the forces are 

repulsive, but as, the temperature is increased, there is a gain in enthalpy and entropy of 

the system and consequently the forces become attractive. This process results in an 

exclusion of water from the contact zone. As a result, a phase separation occurs. These 

findings were further verified by the direct measurements of attractive and repulsive 
forces by Claesson et al. [ 18]. Similar phenomena have been observed by us. These can 
be seen in Figures 5.1-5.3 which display the results from cloud point measurements. 
The cloud point data shown in Figure 5.3, can be fitted with an equation of the type 
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CP = n7 log(EON) -C 

Chapter 5 

(5.21) 

where CP is the cloud point in OC, EON is the number of oxyethylene units, W is slope 
of the straight line and 'C' is intercept. The values of W and 'C' are summarised in 
Table-5.1 for various salt (NaCI) concentrations. It can be been seen in Figure 5.3 that 
the above equation provides a fairly good fit to the experimental data. However, the 
slope of the straight lines changes with increasing electrolyte concentration. Gu et aL 
[19] used a similar equation and have shown that there is a linear relationship between 
the cloud point and the polar and nonpolar part of the ethoxylated non-ionic surfactants. 

It has been shown in the previous chapter that the interfacial tension between the 
aqueous surfactant solutions and hydrocarbon, start decreasing in the vicinity of the 
cloud point temperature. Handy et al. [20] have shown that for ethoxylated nonionic 
surfactant-crude oil systems, a sharp minimum in interfacial tension occurs at a 
temperature corresponding to the cloud point. It can therefore be concluded that the 
cloud point determination is vital to optimise a nonionic surfactant structure, which 
formulates a rich surfactant phase, (Winsor type-III phase equilibria) and exhibits an 
ultra-low IFT with a particular hydrocarbon. 

Table 5.1 
Values of constants m, and C of nonylphenol ethoxylates from Equation 5.21 

Surfactant NaCl Concentration 

(gm/dl) 
m 

(OC/EON) 
C 

(OC) 
C9Hl9C6H4(C2H40)nOH 1 175 114 

5 138 88 

10 125 85 

15 102 61 

Note: where 'n' is the number of ethylene oxide units. 

5.3.2 CMC Determinations 

For usual ethoxylated non-ionic surfactants with a fixed lipophilic group, the 

interaction between the water molecules and POE chain increases with increasing 
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number of oxyethylene units in the surfactant molecules. As a result of this, the C1\4C 
increases and micelle size decreases. However, the change in CMC with respect to 
number of oxyethylene units is much smaller than that with methylene units in the 
lipophilic chain of surfactant [21]. An increase in the critical micelle concentration has 
been observed when the oxyethylene units of nonylphenol ethoxylated surfactant (NP 

series) were increased from 5 to 15 (see Figure 5.4). Figure 5.5 gives the change of 
surface tension with total surfactant concentration for various mole fractions of NP-5 

and NP-15 mixtures. The number of ethylene oxide units of intermediate surfactant 
mixtures were obtained using the linear mole fraction mixing rule (see Chapter 3). The 

surface tension decreases with increasing the concentration and in the range between 

two pure components, the difference in CMC values is marginal. It is evident from 
Figure 5.5 that the change in surface tension and hence the mixed CMCs do not follow a 
linear relationship, between the CMCs of two pure surfactants. The CMC values reduce 
for surfactant mixtures upto blended oxyethylene units of 7, and as the concentration of 
surfactant NP- 15 is increased in the mixture, the CMC increases. It seems that the effect 
of surfactant NP-5 on mixed CMCs is dominant for mixtures upto blended oxyethylene 
units of 7 (NP+E07B) and after that the influence of NP- 15 increases. The character 'B' 

shown at the end of surfactant name represents the word 'Blend'. The CMC values 

obtained from Figure 5.5 have also been plotted as a function of mole fraction of the 

mixture of NP-5 and NP-15. This is shown in Figure 5.6. It can be seen that the mixed 
CMC values deviate from those obtained for an ideal mixing behaviour obtained using 

equation (5.14). The best fits to the experimental data, using the regular solution theory 

model (equation 5.20), are also shown in Figure 5.6. The regulaIr solution model gives 

an average value for the interaction parameter (P) as -1.4404 for the mixture of non- 
ionic surfactants having the same alkyl group but different head groups. The values of 

mixing mole fraction x, interaction parameter along with mixed CMC values are listed 

in Table 5.2. A negative'value for 'D' indicates an attractive interaction between the 

surfactant molecules in the mixed micelles. The small deviation between the 

experimental data and that obtained by using non-ideal mixing theory is perhaps due to 

surfactant impurities and or improper mixing. 

Hassan et al. [22] mentioned that mixtures of most non-ionic surfactants behave ideally. 

However, the CMC data for mixtures of homologous ethoxylated nonionic surfactants 

having the same alkyl group but a large difference in size of the hydrophilic head 

groups, shows a departure from ideal behaviour. It can also be seen that non-ideal theory 

for the mixed micelles predict the behaviour satisfactorily. 
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Table 5.2 
Values of constant Y and interaction parameter 

calculated from equation (5.20) 

Calculated 

EON 

Mole 

Fraction 

of 
NP+E05 

Mole 

Fraction 

of 
NP+EO15, 

CmCs 

(gm/dl) 

(C-) 

CmCs 

(Mol/litre) 
(10-6) 

(C*) 

x 

5 1.0 0.0 0.0024 54.545 

6 0.9 0.1 0.0023 47.520 0.8271 -1.7865 
7 0.8 0.2 0.0022 41.958 0.7224 -2.0805 
8 0.7 0.3 0.0024 41.958 0.6696 -1.9966 
9 0.6 0.4 0.0029 47.078 0.6330 -1.4906 
10 0.5 0.5 0.0040 59.00 0.600 -0.6488 
11 0.4 0.6 0.0046 65.340 0.5268 -0.42 33 

15 0.0 1.0 0.0082 1 93.182 - - 

I 
Pavg 

-1.4404 
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5.4 SUMMARY 

The water solubility of ethoxylated non-ionic surfactants depends on the structure 
of hydrophobe and number of ethylene oxide units in the surfactant molecule. For non- 
ionic surfactants with a fixed hydrophobe, nonylphenol ethoxylates, cloud point 
measurements were carried out as a function of number of ethylene oxide units. It was 
observed that the cloud point increases with increasing number of ethylene oxide units in 

the surfactant molecule. However, the surfactant solubility decreases with increasing the 
temperature and electrolyte concentrations. Cloud point temperature increases abruptly 

at low EO units (>5 EO units), and the effect becomes insignificant at high EO units 
(> 15 EO units). A linear relationship between cloud point and log EON was observed for 

various degrees of salinity. A shift in the slope of the straight line was observed when 

salt concentration was raised. 

Mixed micelle formation in a system consisting two nonylphenol ethoxylated 

surfactants, one with 5 moles EO units and other with 15 EO units, at various 

compositions, was investigated using the surface tension measurement technique. It was 

observed that the homologous surfactant series with a large difference in the size of their 

head groups, did not follow the ideal mixing theory. It was found that attractive 

interaction between the two surfactant molecules dominates micellisation process at a 

low mole fraction of the surfactant NP- 15. This attraction weakens as the composition of 

the surfactant NP- 15 increases in the solutions. It was also observed that one interaction 

parameter, (P), described by the regular solution theory, could be used to explain and 

predict the mixed behaviour in the current system. 
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Chapter 6 

Optimising the Winsor Type-III Phase Equilibria Using 
Mixtures of Nonionic Surfactants 

in Alkane and Brine Systems 

6.1 INTRODUCTION 

It is well known that ultra-low interfacial tension between an aqueous phase and 
oil phase enables the recovery of thermodynamically trapped oil in porous media [1 -4]. 
To achieve the ultra-low interfacial tension, surfactant solutions of anionic [2-6] and 
nonionic [7-9] surfactants have been formulated and reported in the literature. Ultra-low 
interfacial tension, high tolerance to salinity, and temperature with acceptable 
adsorption to reservoir rock, are recognised as the optimum design parameters for an 
effective chemical flooding process [ 10- 11 ]. Several studies on the phase behaviour of 
microemulsions reveal that ultra-low interfacial tensions are associated with Winsor 
Type-III system [12-13] and further investigation also confirmed these approaches [14- 
15]. When a middle phase microemulsion is in equilibrium with excess oil and water 
phases, most of the surfactant is considered to be located in the middle phase. For 

Winsor Type-I systems, the surfactant is in the aqueous phase (o/w microemulsion in 

equilibrium with excess oil) whereas for Winsor Type-11 systems, the most of 

surfactant is partitioned into the oil phase (w/o microemulsion with excess water). 

The transition sequence of Winsor phase equilibria, Type-I => Type-III => Type-11, can 
be made possible by changing the system variables, such as surfactant structure, 
temperature, salinity, type and concentration of co-surfactant, water to oil ratio (WOR), 

type of oil etc. For anionic surfactant systems mainly containing petroleum sulfonates, 

extensive studies of this phase transition have been carried out and a correlation 
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between salinity, oil type, water to oil ratio (WOR), alcohol type and concentration, 
surfactant structure, and temperature has been established [16-18]. All of these system 
variables change the relative affinity of the surfactant to the oil and water phases, and 
hence tend to influence its phase behaviour. It has been shown that anionic surfactants, 
in particular, are sensitive to the electrolyte concentration and a small increase of this 
system variable promotes the phase transition sequence Type-I => Type-III => Type-11. 
However, these surfactants exhibit less sensitivity to temperature and do not show 
strong partitioning on heating [ 19-2 1 ]. 

A similar correlation for ethoxylated nonionic surfactants, having system variables 
similar to that of anionics, has been established by Bourrel et al. [22] and Graciaa et al. 
[231. They optimised the Type-III phase equilibria by changing the number of ethylene 
oxide units of the surfactant head group as a function of system variables, such as 
alkane carbon number (ACN), salinity, alcohol type and concentration, temperature etc. 
The nonionic surfactants used for these studies contained ethylene oxide numbers of 
1.5) 4,5,6,7.5,9 and 10.5. The surfactants were mixed to their nearest boundary EO 

values to obtain intermediate ethylene oxide number (EON), assuming the linear mole 
fraction mixing rule. The validity of this procedure has already been tested by several 
investigators [24-28]. The systematic phase behaviour investigations of ethoxylated 
nonionic surfactants show that the chemical structure of a surfactant can be optimised to 

the individual system variables. From a practical standpoint of a chemical manufacturer, 
this procedure has a disadvantage that each surfactant should be developed, and 

produced for each individual reservoir conditions. However, the selection and use of 

enhanced oil recovery (EOR) surfactants can be made considerably more flexible if use 

of mixed surfactant systems, that can be optimised to the individual reservoir 

conditions, are adopted. Such systems can be made more easily and practical if 

intermediate surfactant blends are prepared by mixing two base surfactants. One of 
these two base surfactants should be highly hydrophilic while the other should be 

lipophilic. In this work, this proposition has been adopted and a series of intermediate 

surfactants were prepared by mixing two nonionic surfactants, nonylphenol ethoxylates 

with average ethylene oxide numbers of 5 and 15, Following the procedure used by 

several investigators [24-281, these two nonionic surfactants were mixed to obtain the 

intermediate ethylene oxide numbers (EON) with a difference of 0.2 EO units, assuming 

the linear mole fraction mixing rule. The method involving the linear mole fraction 

mixing rule has been given in detail in Chapter 3, and surfactants obtained are listed in 

Table 3.2. 
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In this chapter, phase behaviour of mixture of surfactants with 2-butanol as a standard 
co-surfactant, in oil and water systems, their interfacial tension, solubilisation 
parameters, and relative phase volumes concerning the Winsor Type-1, Type-III, and 
Type-II were investigated. The system parameters which affect the phase behaviour, 
solubilisation, and hence the phase volumes such as the number of ethylene (EON) 
units, temperature, type and concentration of alcohols, salinity, and mixtures of xylene 
and hexadecane were studied. 

6.2 RESULTS AND DISCUSSION 

6.2.1 Phase Behaviour of Surfactant-Oil-Brine Systems 

Phase behaviour studies of surfactant/oil/brine systems provide an important tool 
in understanding and predicting the formation and displacement of microemulsions in 

petroleum reservoirs as a function of composition, temperature, pressure and other 

variables. Important physical properties, such as interfacial tension, and viscosity, are 

strongly related to the phase behaviour. Several variables which have been shown to 
influence the phase behaviour of microemulsion systems, such as salinity, temperature, 

surfactant structure, type and concentration of co-surfactant, and oil composition etc. 
The affect of these variables on the phase behaviour of systems containing a mixture of 
two nonionic surfactants, NP-5 and NP- 15, are discussed in the following sections. 

6.2.1.1 Effect of Surfactant Head Group andAlkane Carbon Number 

Figure 6.1 illustrates the middle phase region obtained by varying the ethylene 

oxide number (EON) obtained by mixing two surfactants, NP-5 and NP-15, following 

the linear mole fraction rule, at a constant temperature of 30 OC. The number of ethylene 

oxide units (EON) are plotted from higher to lower values in order to maintain the same 

relative position of the phase transition sequence Type-I => Type-III ==> Type-11 as 

obtained in the case of varying the temperature (see Figure 6.3). Thus decreasing the 

EON, decreases the surfactant solubility in the aqueous phase and increases its affinity 

for the oil phase. For each oil, an EON scan has been carried out to obtain the phase 

diagram around the optimum phase boundary. If a cross-section at constant alkane 

carbon number (ACN) is made through the three phase region, then the "optimum 

ethylene oxide number (EON*) ", can be located at the centre of the three phase region 

which can further be used to characterise the phase behaviour of an ethoxylated 

nonionic surfactant. Hence, an optimum ethylene oxide number (EON*) can be defined 

as the number of EO units equilibrated and located on the midpoint of two lines 
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separating the two two-phase regions. These two lines are termed as the lower phase 
boundary (LPB) and the upper phase boundary (UPB). The line connecting the optimum 
ethylene oxide numbers as a function of alkane carbon number (ACN) is defined as the 
optimum phase boundary (OPB). The reciprocal of the slope, (aACN / MON *), of the 
optimum ethylene oxide phase boundary is about -7.4. Since the mixed surfactant 
mixture contains both the properties of surfactant NP-5 and NP- 15, the average value of 
the EON obtained after mixing, occupies a relatively large area under the curve for its 
homologous distribution, and as a result, the mixed system exhibits a poor partitioning 
between oil and water phases [3 0]. It can be seen from Figures 6.1, and also 6.3, that for 

short chain alkanes, the optimum phase boundary is obtained at higher EON. It can be 

seen that increasing the chain length of hydrocarbons by simply increasing the ACN, the 

three phase domain shifts towards lower values of ethylene oxide units. However, the 

three phase region widens over a higher range of EO units with increasing ACN. 

Photographs shown in Figure 6.2a to 6.2d represent the phase behaviour illustrated in 

Figure 6.1. 
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Figure 6.1: Phase behaviour mapped by varying the ethylene oxide number (EON) as a 

function of alkane carbon number (ACN). (LPB 0) lower phase boundary, (OPB 0) optimum 

phase boundary and (UPB A) upper phase boundary. 

Like the interfacial behaviour of nonionic surfactants as micellar solutions explained in 

Chapter 4, the R-ratio theory can also be used to explain the phase behaviour of 
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concentrated solutions such as those shown in Figure 6.1. The EON scan for octane 
indicates that the three phase region is narrow as compared to that of other alkanes. It is 
also observed that the optimum solubilisation parameter (SP*), the amount of oil and 
water solubilised in the middle phase microemulsion at optimum, is the highest for 
octane and it decreases with increasing ACN. This is expected from the R-ratio, since 
the interaction between the surfactant molecules and oil chain (Aco) would be higher 
than the interaction between the oil molecules (Aoo). In order to obtain a balance, where 
these two interaction forces become equal and the R-ratio becomes equal to unity, the 
size of the surfactant head group is increased by increasing the number of ethylene 
oxide units in the surfactant molecules. Increasing the oil chain by simply increasing the 
ACN, causes a decrease in interaction between the surfactant's lipophilic tail and an oil 
molecule (ACO) to occur. However, the interaction between oil molecules (Aoo) 
increases. As a result of this, the system becomes unbalanced for the same EON in the 
case of the short chain oil. In order to obtain the optimum phase boundary with a long 

chain oil, it is necessary to have a surfactant with a smaller head group. This could be 

accomplished simply by decreasing the number of ethylene oxide units in the surfactant 
molecule. As a consequence of this, the three phase region is shifted upwards on 
increasing ACN as shown in the Figure 6.1. Since the interaction forces are higher in 
the case of short chain alkanes, i. e. for heptane and octane, the surfactant packing 
capacity at the oil/water interface would be much higher as compared to those of long 

chain oils. It is therefore, the solubilisation parameter that is higher for octane and 
decreases with increasing ACN. Phase behaviour similar to this has also been observed 
using nonionic surfactants by other researchers [12,23,31-32]. However, in our case, 
the three phase domain was optimised against large number of ethylene oxide units, and 
the slope of the optimum phase boundary was lower than that observed by Bourrel and 
his co-workers [22]. 

As observed by several authors [24-28], the surfactant mixtures obtained by mixing two 

surfactants with marginal difference in EO units, obey the linear mole fraction mixing 

rule. In this study, since the surfactant mixtures were obtained by mixing two 

surfactants having a large difference in the number of ethylene oxide units, it has been 

observed that these surfactants no longer follow the linear mole fraction mixing rule 
(see Chapter 5). This may be the reason that the three phase region shown in Figure 6.1 

is optimised against higher number of ethylene oxide units because of slightly poor 

partitioning of the mixed surfactants. 
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a 

7 

Figure 6.2a: Phase behaviour showing the change phase in volumes mapped by varying the number of 
ethylene oxide, units of nonylphenols ethoxylates against octane at a temperature of 30 OC. 

Figure 6.2b : Phase behaviour showing the change phase in volumes mapped by varying the number of 

ethylene oxide units of nonylphenols ethoxylates against decane at a temperature of 30 OC. 
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Figure 6.2c: Phase behaviour showing the change phase in volumes mapped by varying the number of 
ethylene oxide units of nonylphenols ethoxylates against dodecane at a temperature of 30 T 

Figure 6.2d: Phase behaviour showing the change phase in volumes mapped by varying the number of 
ethylene oxide units of nonylphenols ethoxylates against tetradecane at a temperature of 30 T 
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6.2.1.2 Effect of Interfacial Tensions 

Chapter 6 

Figure 6.3 illustrates the variation of the interfacial tension (IFT) between upper 
and lower phases for Winsor Type-I and Type-11 systems, and between upper and 
middle phases and middle and lower phases for Type-III system, as a function of the 
number of ethylene oxide units for octane, decane, dodecane and tetradecane oils. The 
IFT measurements were carried out for each EON and hydrocarbon, and scanned at a 
constant temperature of 30 OC the spinning drop apparatus. The three phase domain and 
the phase boundaries corresponding to these IFT measurements are shown in Figure 6.1. 
For a particular hydrophobic group, it is well known that the solubility of an ethoxylated 
surfactant in the aqueous solution increases with increasing the number ethylene oxide 
units in the surfactant molecule. With a larger number of ethylene oxide units, the 

surfactant has a higher interaction with water molecules and exhibits a higher solubility 
in the aqueous phase than in the organic phase. This is the reason that for a particular 
alkane, most of the surfactant is in the aqueous phase and an oil-in-water microemulsion 

with excess oil is formed. As can be seen from Figure 6.3, the minimum in IFT 

measurements corresponds to octane, and the minimum in IFT increases with increasing 

ACN. One can see that the optimum ethylene oxide number (EON*) as a function of 
ACN, obtained from the phase behaviour scan and shown in Figure 6.1, has 

approximately the same value as that obtained from IFT measurements. 

This behaviour is expected from the R-ratio theory. As the size of hydrophilic head 

group decreases with reducing the number of EO units in the surfactant molecule, the 

affinity of the surfactant molecule towards water (ACW) decreases whereas it increases 

towards oil (Aco). Since the short chain alkane, such as heptane, has a stronger 

interaction with surfactant molecules than between their own molecules, the size of the 

hydrophilic head group needed to achieve an exact hydrophilic-lipophilic balance, 

where R=l, should be large enough. This behaviour can be confirmed from the IFT 

measurements as shown in Figure 6.3. It can be seen that the minimum in IFT value is 

found against large EON for octane and as the ACN increases from octane to 

tetradecane, the minimum in IFT shifts towards smaller EON. Because of ultra-low 

interfacial tension and maximum solubilisation of octane at the optimum phase 

boundary, this ACN is termed as the "preferred alkane" for nonylphenol ethoxylate 

surfactants. It is also interesting to note that solubilisation parameter (SP*) at the 

optimum phase boundary is maximum for octane and that it decreases with increasing 

alkane carbon number (ACN). This is because as the alkane carbon number (ACN) 

increases, the interaction between the oil molecules (Aoo) increases whereas the 

interaction between the oil and surfactant molecules decreases (Aco). As a consequence, 
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a diminution in the numerator and an augmentation in the denominator values occurs 
and R<<1 

- The system which was Type-III before, will transform to a Type-I system. In 
order to bring the Type-I system back to Type-111, the denominator of the R-ratio should 
be decreased by decreasing the interaction between the surfactant molecule and water. 
This can be accomplished by decreasing the number of ethylene oxide units in the 
surfactant molecule. 
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Figure 6.3: Interfacial tension as a function of ethylene oxide numbers (EON) obtained by 

mixing two surfactants NP-5 and NP-15, assuming linear mole fraction mixing rule for 

hydrocarbon octane (nC8), decane (nC 10), dodecane (nC 12), and tetradecane (nC 14). 

The interfacial tension for the three phase domain has extensively been studied [ 12,3 1- 

32] by varying both the EON and ACN. It has been found that the interfacial tension 
between the middle phase and excess oil and brine phases is equal near the centre of the 
three phase region when the EON is varied for a particular ACN. Therefore, it is 

convenient to characterise the three phase region either by an optimum temperature (T*) 

or by an optimum ethylene oxide number (EON*). This may be defined as the centre of 

the three phase region. It is also found that the three phase domain can alternately be 

represented by replacing EON with HLB number as defined by the equation (5.20) in 

Chapter I 
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As compared to anionic surfactants, the state of low-tension of ethoxylated nonionic 
surfactants is less sensitive to system variables, and the three phase region obtained with 
these surfactants is much wider than those obtained with anionics. No doubt, the 
minimum in IFT value lies within the three phase region, but the existence of a three 
phase region is not sufficient to ensure ultra-low interfacial tension (see Figure 6.3). It 
has been observed that for ethoxylated nonionic surfactants, the ultra-low interfacial 
tensions occur only at the optimum EON boundary which is situated in middle of three 
phase region, mapped by varying EON as a function of ACN. The synergistic behaviour 
found in the phase behaviour diagram shown in Figures 6.1 and 6.5, as a result of higher 
value of reciprocal of slope of the optimum EON boundary, can also be verified by the 
interfacial tension measurements. In Figure 6.3, most of the tensions in the middle 
phase region are as high as 10-2 rnN/m (dyne/cm). However, for mixed surfactant 
systems obtained by mixing the surfactants with narrow range of EO (EON :!! ý 1) units, 
many authors [12,22,32-33] observed that the tension values goes as high as 10-1 

mN/m. 

6.2.1.3 Effect of Temperature 

Figure 6.4 illustrates the effect of temperature on the phase behaviour of a 
surfactant mixture having an average EON of 7.2 scanned as a function of alkane carbon 
number (ACN). As mentioned above, this surfactant was obtained by mixing surfactant 
NP-5 and NP-15 following the linear mole fraction mixing rule (see Chapter 3). The 

phase diagram shown in Figure 6.4 indicates that the surfactant with an average EON of 
7.2, forms a Type-I system (o/w microemulsion with an excess oil phase) with ACN 

from heptane to hexadecane at a constant temperature of 30 OC. Because of the well 
known reduction of solubility of nonionic surfactants in the aqueous solutions at 

elevated temperature, phase transition sequence Type-I => Type-III => Type-11 occurs 

when the temperature is increased. It is obvious from Figure 6.4 that the location of 

phase transition boundaries depends on temperature, size of surfactant hydrophilic head 

group, hydrocarbon chain length and on several additional system variables such as 

salinity, type and concentration of alcohols etc., which will be discussed systematically 
later in this chapter. When the number of ethylene oxide units in the surfactant molecule 
increases, its affinity towards water increases and results as an increase of solubility in 

the water phase. As a consequence, the phase transition boundaries may move towards 

higher temperature. It is also clear from Figure 6.4 that the phase diagram mapped by 

changing the temperature as a function of alkane carbon number (ACN), has a similar 

trend as that obtained by plotting EON as a function of ACN (see Figure 6.5). 

However, the three phase envelope exists over a wider range of EON units in the case of 
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varying the temperature as a function of ACN. Thus, for ethoxylated nonionic 
surfactants, the optimum phase boundaries as a function of ACN can be obtained either 
by increasing the temperature or by decreasing the number of ethylene units in the 
surfactant molecule. 
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Figure 6.4: Plot showing the phase behaviour with temperature and alkane carbon number 

(ACN) of surfactant (NP+E07.2B). The surfactant NP+E07.2B was obtained by mixing the 

surfactant NP-5 and NP- 15 at a molar ratio of 0.78 and 0.22 respectively. 

The trend observed in Figure 6.4 is also predictable based on the interpretation of the R- 

ratio theory. The numerator of equation (4.2) decreases with the increase of alkane 
carbon number (ACN) from heptane to hexadecane. This is expected from the R-ratio; 

since an increase in ACN entails an increase in the interaction forces between the oil 
molecules, (A00), and therefore causes a decrease in the R-ratio. Similarly, as the 

temperature is increased, the dehydration of the surfactant system takes place, and there 

is a reduction in the interaction forces between surfactant and water molecules and 
hence the (ACW). Consequently, the three phase region moves towards higher 

temperature on increasing ACN for a fixed EON surfactant. 

Figure 6.5 is similar to Figure 6.1 except n-pentanol was included as an additional 

system variable. It can be seen from Figure 6.5 that the optimum EON situated at the 

centre of the three phase region which are required to effect the Type-I => Type-III => 

Type-11 transition. This straight line at optimum points applies to a single value of 

temperature i. e. 30 OC. Phase behaviour similar to this was also reported using nonionic 
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surfactants by several authors [12,23,31-321. As observed in the Figure 6.4, the phase 
behaviour of nonionic surfactants system is sensitive to temperature. Since the solubility 
of nonionic surfactants is due to hydrogen bonding, their solubility decreases with 
increasing of temperature. Thus increasing the temperature of a system containing 
nonionic surfactant decreases the water solubility and increases its affinity to 
hydrocarbon [34]. In order to maintain the optimum phase behaviour of such a system at 
a required temperature, it is necessary to increase the hydrophilicity of surfactant 
thereby increasing the number of ethylene oxide units in the surfactant molecules, as 
shown in the Figure 6.6. This figure also illustrates a reciprocal of slope -8.9 of the 
optimum phase boundary which is slightly higher than that shown in Figure 6. L This 
value is also different from that reported for the same surfactant mixtures obtained by 
Graciaa et al. [23] who mixed two surfactants closer in EO number. This may be due to 
the reason that the mixed surfactant system is exhibiting a synergistic behaviour in the 

current case [29]. It is also clear that the straight line passing through the optimum 
points shifts to a higher number of ethylene oxide units as the temperature is raised. It is 

also interesting to note that the slope of the optimum phase boundary, obtained when 
temperature is increased as a function of ACN, is higher than that of the system for 

which the number of ethylene oxide units are varied as a function ACN. 
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Figure 6.5: Phase behaviour mapped by plotting the number of ethylene oxide numbers 

(EON) versus alkane carbon number (ACN) at a constant temperature of 30 OC. The points 

shown above the optimum phase boundary are the values of optimum solubilisation 

parameters 
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Figure 6.6: Effect of temperature on the optimum ethylene oxide number (EON*) as a 
function of alkane carbon number (ACN) for the system shown in Figure 6.5. 

6.2.1.4 Effect ofAlcohol Types and Concentration 

Figure 6.5 illustrates the phase map obtained after adding I% by weight n- 
pentanol to the formulation shown in the Figure 6.1. Figures 6.7 and 6.8 shows the 

effect of n-pentanol and isopentanol concentrations on the optimum EON phase 
boundaries as a function of ACN respectively. The first observation is that the EON* is 

shifted towards higher number of ethylene oxide units by the same amount for each 
hydrocarbon. Since the alcohols, n-pentanol and isopentanol have a higher interaction 

towards oil, an increase in EON* units is required to accomplish a balanced system. 
Since isopentanol has a relatively low solubility in the oil compared to n-pentanol, the 

effect of the same concentration of n-pentanol on shift towards higher EON is slightly 
higher. The second observation is that the shift is proportional to the alcohol 

concentration and is independent of other variables defining the system, such as 
surfactant structure, salinity as detailed in the later sections. A constant shift of 0.35 and 
0.3 in EO units have been observed with n-pentanol and isopentanol respectively. It has 

also been observed that the three phase region widens with the addition of long chain 

alcohols (see the difference between Figures 6.1 and 6.5). 
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Figure 6.7: Effect of n-pentanol concentration on optimum ethylene oxide (EON*) phase 

boundaries mapped as a function of alkane carbon number (ACN) at a constant temperature 

of300C. 
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The classification of alcohols into two groups (short and long chain) on the bases of 
their ultimate effect on the phase behaviour of ethoxylated nonionic surfactants is in 
agreement with that investigated by Bourrel et al. [28,30,38-39] and Graciaa et al. [37]. 

6.2.1.5 Effect of Salinity 

As mentioned above, the phase behaviour of ethoxylated nonionic surfactants 
can conveniently be represented as a variation of the optimum ethylene oxide number 
(EON*) phase boundaries. Salinity is another system variable that also affects the phase 
behaviour and existence of low interfacial tension. The effect of salinity increase on the 
optimum EON phase boundaries is similar to that of increasing the alcohol 
concentration. Increasing the salt concentration shifts the optimum phase boundary 
towards higher EON and widens the three-phase region when the phase diagram is 

mapped with EON units and ACN as a function of salt concentration. Figure 6.9 shows 
the effect of NaCl concentration on the optimum EON phase boundaries. It can be seen 
that NaCI has the same effect on EON* with increasing concentration as adding long 

chain alcohols such as n-pentanol and or isopentanol. 
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Figure 6-9: Effect of salt (NaCI) concentrations on optimum ethylene oxide (EON) phase 

boundaries mapped as a function of alkane carbon numbers (ACN) at a temperature of 30T. 
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Increasing the salt concentration dehydrates the oxyethylene chain and the surfactant 
molecule becomes more and more hydrophobic. Its solubility in aqueous solution 
decreases whereas its affinity towards the oil increases. This behaviour can also be 
verified from the cloud point measurements as shown in Figures 5.1 and 5.2. It can be 
seen that increasing the NaCI concentration lowers the cloud point temperature whereas 
increasing the number of EO units in the surfactant molecule makes the surfactant more 
soluble in the water. Figure 6.9 illustrates that increasing the NaCI concentration shifts 
the EON* towards higher EON by the same amount for each ACN. This means that 
increasing salt concentration enhances the surfactant partitioning from the aqueous to 
the oil phase. Hayes et al. [12] have found a similar effect on interfacial tension 
optimisation. They have shown that increasing the salt (NaCl) concentration to a 
threshold level, lowers the interfacial tension. However, increasing the salinity above 
the low threshold level, shifts the optimum alkane carbon number towards a higher 
ACN. 

6.2.1.6 Effect of Mixture of Oils 

Figure 6.10 illustrates the phase map plotted by varying the number of ethylene 
oxide units as a function of mole fraction mixtures of xylene (mix) and hexadecane at a 
constant temperature of 30 T. The dashed line drawn at the centre of the three phase 
region indicates the optimum phase boundary. It can be seen that the phase transition 

sequence, Type-I => Type-III => Type-II, is similar to that of pure alkanes. However, 

the two-phase boundary lines, obtained in the case of mixtures of xylene and 
hexadecane, are straight rather than curved, as observed in the case of pure alkanes. As 

the mole fraction of hexadecane increases in the mixture, the interaction between the 

molecules of two oil components increases and the three phase domain becomes wider 

and wider. Phase behaviour of nonylphenol ethoxylates (NPE)/xylene(mix)/brine 

systems has also been investigated and no, or very little isotropic middle phase 

microemulsion equilibrated with excess oil and water phases was observed. The current 
findings are in agreement with Shinoda and Friberg '1341, who reported a similar 
findings on the basis of the phase behaviour of a nonionic surfactant, Nonylphenyl 

Polyglycol ether in xylene and water systems. 

The phase behaviour of the mixed-oil system as shown in Figure 6.10 can be predicted 
by interpreting the R-ratio theory. Due to the well known solvent properties of alkyl 
benzenes [131, the interaction energies between the xylene molecules and the surfactant 
tail are higher than for the normal alkanes. As a result of this, the interaction between oil 

molecules and surfactant tail (Aco) increases thereby increasing the numerator of the R- 
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ratio for a particular surfactant head group and consequently the value of 'R' would be 
greater than one. As a consequence, a w/o microemulsion with excess water, will be 
formed. This high interaction of short alkyl chain aromatics prevents the water 
molecules from spreading around the polyoxyethylene head group of the surfactant. 
Hence, no inverse micelles are formed in the low concentration of surfactant and water 
solubilisation is extremely small [40]. As a consequence, the EON of the surfactant is 
increased in order to increase the interaction energies between the surfactant head group 
and water molecules 'Acw', so that the value of R becomes equal to one and hence 
Type-III systems would form. As the mole fraction of ethylene oxide units increases to 
a certain value (EO-6), the polyethylene oxide chain starts mixing with xylene, causing 
a poor partitioning of surfactant at the oil/water interface. This results in a new third 
meso-phase in the form of a course emulsion [401. 
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Figure 6.10: Three phase domain mapped by varying ethylene oxide numbers (EON) as a 

function of mole fraction mixtures of xylene (mix) and hexadecane at constant temperature 

of300C. 

By mixing the xylene with higher molecular weight solvent such as hexadecane, the 

interaction energies between the mixed-oil and surfactant tail decreases. Since the 

interaction between the molecules of mix-oil increases as compared to that of pure 

xylene, the interaction between the surfactant molecules and water also decreases. This 

results in a decrease in the solubilisation parameter of oil and water in the middle phase. 
A further increase in the mole fraction of hexadecane in the mixture lowers the 
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interaction between the surfactant tail and oil molecules. Consequently the optimum 
solubilisation decreases whereas the three phase domain stretches out. The linear mole 
fraction mixing of xylene with hexadecane provide a linear optimum phase boundaries. 
The phase behaviour trends similar to that of normal alkanes is observed. The final 
mixtures of two oils, xylene (mix) and hexadecane, were obtained following the linear 
mixing equation: 

EACN C, X, (6.1) 

where EACN is the equivalent alkane carbon number, C is the number of carbon atoms 
in i component, and X is the mole fraction of component i. For example, for mixture 
two components, xylene and hexadecane, one can write the above equation as: 

EACN=(ACN)Xylenex(M. F)Xylene+ (ACN)Iiexadecanex(M. F)hexadecane (6.2) 

Considering the equivalent alkane carbon of 2 for pure xylene [4 1 ], the mixture of 
xylene (ACN=2), and hexadecane (ACN= 16), the equivalent alkane carbon number will 
be, 

EACN = 2xO. 5 +16xO. 5 =9 (6.3) 

Hence the EACN of mixture of xylene and hexadecane with equal mole fraction should 
be equal to 9 (nonane), which can further be confirmed by comparing optimum EON of 
mixture of oils to that of normal alkanes at a constant temperature. The ACN for xylene 
has been adopted as carbon atom in the alkyl chain length of benzene isomer [41]. From 

the phase diagram shown in Figure 6.10, one can get EON* of 6.7 for equal (0.5) mole 
fraction mixture of xylene and hexadecane. EACN obtained against EON* of 6.7 from 

the phase diagram plotted for same system variables, as that shown in Figure 6.10, is 

equal to 9. This indicates the validity of linear mole fraction mixing rule for xylene and 
hexadecane. 

Figure 6.11 illustrates the effect of NaCl concentrations on the optimum EON phase 
boundaries plotted as a mole fraction mixtures of xylene and hexadecane. It can be seen 

that increasing the NaCl concentration shifts the optimum phase boundary towards 

higher EON by the same amount for each molar composition. It means that the 

partitioning of surfactant increases with the increasing of the NaCl concentration. The 

reciprocal of the slope, (aMF / MON *), of the optimum EON phase boundary is 
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obtained by plotting the number of ethylene oxide units as a function of mole fraction 
(MF) mixture is -0.7 which is very much less than that obtained for pure alkanes. 
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Figure 6.11: Effect of salinity on the optimum ethylene oxide number (EON*) of surfactant is 

plotted as a function of molar solution of xylene and hexadecane. (1/slope=-0.7). 

Bourrel et al. [22] have shown that for ethoxylated nonylphenols, both the optimum 
EON phase boundaries, for which equal amount of oil and water are solubilised in the 

middle phase microemulsion, and phase boundaries separating o/w microemulsion from 

w/o microemulsion can be related to system parameters such as temperature, salinity, 

alcohol type concentration, and alkane carbon number (ACN) etc. It can be seen from 

Figure 6.1 to 6.11, that same relationship is valid for intermediate surfactants obtained 
by mixing two surfactants, NP-5 and NP-15, having large differences in their 

oxyethylene chain lengths. This relationship can also be written for present system as 

a- EON* = k'(ACN) - m(A) - b'(S) - c'(T -3 0) (6.4) 

EON* is the optimum ethylene oxide number, ACN is the alkane carbon number, a and 
k' are constants for a given type of surfactants, A and S are the alcohol and salt 

concentrations respectively, m' and b' are constant characteristics of each type of 
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alcohols and salt, c' is the coefficient of temperature, T. The constants mentioned in 
above equation (6.4) are determined for present system studied are listed in Table 6.1. 

Table 6.1 
Correlation of Optimum Phase Boundaries of Mixtures of 

Nonionic Surfactants 

Surfactant a k' cl b' mt 

Nonylphenol 7.89 0.128 0.077 0.0516 0.30 isopentanol 
Ethoxylates 0.35 n-Pentanol 

ixtures of 
NP-5 and NP- 15) 

Considering a system at a temperature of 30 OC and without salt and alcohol, one can 
write the equation 6.4 as 

a-EON*=k'(ACN) (6.5) 

the preferred ACN is given by ((a-EON*)/k') and it is a characteristic of the 

surfactant structure. The effect of the surfactant hydrophilic head group on the preferred 
ACN is represented by the constant k. It can be seen that when the EON increases with 

a unit of one, the preferred ACN is shifted by 6.0 units towards lower ACN values. As 

previously noted [22] ,a shift of 6.6 units was observed on preferred ACN wh%--n the 
EON increases by one unit. This is Probably due to synergistic behaviour of mixed 

surfactants system having a large difference in the size of their hydrophilic head group. 
This nonlinearity (synergistic) behaviour is quite clear from the measurements of mixed 
CMC values (see Chapter 5). Comparing the value of parameter 'a' (6.65) observed 

previously for the same surfactant and system variables [22], a higher value of 

parameter 'a' (7.89) is observed. As already mentioned, the value for the mixed CMC 

decreases for a mixture to a certain extent with increasing the mole fraction of surfactant 

with a large hydrophilic head group (NP-15). Hence, the system is optimised against 
higher values of EON with surfactant mixtures obtained by mixing two surfactants with 

a large difference in their hydTophilic head groups. For ethoxylated nonionic 

surfactants, the system can be optimised only by selective values of EON units for a 

particular hydrocarbon. Therefore, it is surprising that low interfacial tension and 

maximum solubility parameter has not been reported previously with ethoxylated 

surfactants [42]. 
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The sensitivity of the phase behaviour of the mixtures of nonionic surfactants to the 
salinity can be observed in the terms of preferred ACN shift at constant EON units. It 
can be seen from Figure 6.9 that when the NaCl concentration is varied from I gm/dl to 
2 gm/dl, the preferred ACN shifts by 0.5 units, which is much less than that observed 
0.9 units by Bourrel et al. [22]. Also for anionic surfactants, the same salinity change 
would produce a shift of about 4.3 units [15], which is much higher than that observed 
in our case and observed by Bourrel [22]. This is a clear indication that the phase 
behaviour of ethoxylated nonionic surfactants is less sensitive to the salinity change as 
compared to that of anionic surfactants. It can also be concluded that this sensitivity 
becomes less pronounced when the phase behaviour is established using the surfactant 
mixture obtained by mixing two ethoxylated surfactants having a relatively large 
difference in the size of their hydrophilic head groups. 

6.2.2 Solubilisation Parameters 

Solubilisation parameters, VON, VwNs5 were initially defined by Healy and 
Reed [ 17,2 1] and extensively used by Graciaa et aL [3 9], as the volume of oil and water 
solubilised per unit of volume of surfactant in the microemulsion. They are useful 
parameters because they are related to the bending of oil and water droplet curvatures in 

microemulsions. The optimum solubilisation parameter (SP*), as defined by Healy and 
Reed [21], is the point at which the microemulsion/inicellar phase contains equal 
amounts of oil and water. It has been observed that the solubilisation parameters depend 

on system variables involved in the formulation of microemulsions. Such system 

variables could be the type and structure of the surfactant, type and concentration of co- 

surfactant, temperature, salinity, etc. The effect of some of these system variables on the 

solubilisation parameters' are discussed below for systems containing a nonionic 

surfactant, nonylphenol ethoxylates in oil and water. 

6.2.2.1 Effect of Surfactant Head Group and Oil Chain Length 

Figure 6.12 shows the solubilisation parameters, V,, Ns, V, Ns5 as a function of 
increasing the number of ethylene oxide units for the system shown in Figure 6.1. It can 
be seen that increasing the number of ethylene oxide units in the surfactant molecules 

promotes the classical phase transformation Type-II=>Type-III=>Type-1, since for an 

ethoxylated nonionic surfactant with a particular hydrophobic group, the solubility of 

the surfactant depends on the length of a polyoxyethylene chain. For a system 

containing surfactant with a low number of ethylene oxide units, the relative solubility 
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of the surfactant is higher in the organic phase than in the aqueous phase. As a result of 
this, most of the surfactant is partitioned into the oil phase with a small amount of 
solubilised water and a Type-II system is formed. Increasing the number of ethylene 
oxide units in the surfactant molecule results an increase in the interaction between the 
surfactant interaction with water molecules, and conversely a decrease in the surfactant 
head group and oil molecules. Consequently, the partitioning of the surfactant into the 

oil phase decreases, and oil is expelled from the micellar phase (w/o microemulsion) 
which results in the decrease of the oil solubilisation parameter, VON,, and an increase 
in the water solubilisation parameter, V,, Ns. Eventually, the Type-H system transforms 
into Type-III system. With a further increase in the number of ethylene oxide units, the 

water intake continues to increase up to a point where all water present in the system is 

solubilised. A Type-I system is obtained and a further increase in the number of 

ethylene oxide units results in a constant value of V, /V,, while VON, is observed to 
decrease continuously. It is interesting to note that in general, no abrupt discontinuity in 

the solubilisation parameters, V,, N, and VwNs, is observed when the phase 
transformation Type-II=>Type-ll1=>Type-1 occurs. This, in turn, indicates that a 

gradual change in the structure of the microemulsion phase is occurring during the 

phase transition. The two solubility parameters, VoNs and VwNslý intersect each other 

within the three phase region at a particular number of ethylene oxide units. At this 

point the microemulsion phase contains an equal amount of oil and water and 

corresponding solubilisation parameter is known as the optimum solubilisation 

parameter (SP*). The number of ethylene oxide units corresponding the optimum 

solubilisation parameter is similar to that exists in the middle of the three phase region 

that is the optimum ethylene oxide number (EON*). The higher the value of the 

optimum solubilisation parameter the higher the solubilisation power of the surfactant. 

Huh [43] has correlated the optimum solubilisation parameter (SP*), with the interfacial 

tensions between the microemulsion and excess phases through an empirical model. The 

parameters were used and experimentally verified by Graciaa et al. [32]. This 

relationship is given as 

*2 C sP 
y 

(6.6) 

Where SP* is a solubilisation parameter at the optimum conditions (SP. =SP, =SP * ), 7* 

is the optimum interfacial tension (7n,,, = Yn,, = 7*), and C is a constant. A mathematical 

description of the solubilisation parameters and their experimental determination have 

been given in detail in Chapter 3. Equation (6.6) provides an easy way to estimate the 

interfacial tension value from solubilisation parameter measurements. 

184 



ce 

te) CD 1411 CD kf') C) V') CD 
rn M rq cq -- 

(IUI/UU) SA/MA 'SA/OA 

r- 

00 

ý'o L. 

ýZ) =s 

W-) 

tel 

cz 

0 11 - 

CII) -- 
E 

0. 

4- v Cý4 
Cý.. cd 

&- M . Z: 0 

. ........... .......... ............ I. 

t- 

C 

ý, 0 ý. a) 
-0 

ý, 0 X 
CD 

T-7.1 
(f) CD V) CD tn CD V') c 
m rn NN-- 

(lw/lw) SA/MA'WOA 

r- 

00 

kn 

0 cn 

"a 

-0 
0 

-0 

ct 

-0 ci 

CL 

ct 

V_ý Fn ý, 4 Fq 'Lý Z rn rn rý (14 

(lw/P) SA/MA'SA/OA (lwgw) SA/MA'SA/OA 

00 

\16 clý 
> Ln 

\C 

V-) 

-C E 
= 

>, 

0 > 
Vý 

E 
cz 
03 

0 *Zý 
m 

ý16 (1) 

En 
Ln 

E 
W) 

kr) 
00 
ý4 



UPtinlising the Winsor Type-III Phase Equii"I'bria Chapter 6 

Figure 6.12 also shows the dependence of the phase transformation, Type-11->Type- 
III=>Type-I, and the solubilisation parameters on the structure of the oil phase. It can be 

seen from Figure 6.17 that the optimum solubilisation parameter is a maximum for 

octane, and that it decreases with increasing alkane carbon number (ACN). However, 
the three phase regime widens as a function of ACN. This behavior is evident from 
Figures 6.12a to 6.12d. It is also interesting to note that the optimum ethylene oxide 
number obtained for octane have the highest value (EON=6.5) and is equal to that 

obtained from the phase behaviour studies (see Figure 6.1). The optimum ethylene 
oxide number shifts towards lower values as the alkane carbon number is increased. 

This is expected from R-ratio theory. Increasing alkane carbon number (ACN) increases 

the interaction energy between oil molecules whereas the interaction between the oil 
molecules and surfactant lipophilic group, decreases. This decreases the numerator of 
the R-ratio (equation 4.2 in Chapter 4). To compensate for this change, the ethylene 
oxide number (EON) must be decreased to decrease the denominator of the R-ratio. As 

a result,, the interaction forces representing the numerator and the denominator of the R- 

ratio are balanced and the value of R-ratio becomes equal to unity again. Simultaneous 

changes in which the ACN is increased and the EON is decreased to keep the system at 

optimum, are thus expected to result in reduction of the optimum solubilisation 

parameter. This is why the optimum ethylene oxide number (EON*) and optimum 

solubilisation of parameter (SP*) are higher for short chain alkanes and decrease with 
increasing ACN. A similar trend has been observed by Graciaa et al. [32] where 
increasing the ACN is compensated for by the decreasing EON for surfactants with 
different alkyl groups. The interfacial tension measurements obtained for the same 

system and shown in Figure 6.2 indicates that minimum in IFT values occurs with 

octane at optimum EON, of 6. However, the interfacial tension at optimum EON 

increases with increasing alkane carbon number (ACN). 

6.2.2.2 Effect of Temperature 

Figures 6.13a to 6.13d show the solubilisation parameters, VON, and Vw/V,, 

plotted as a function of ethylene oxide number for decane with increasing temperature. 

Figure 6.13a illustrates that the optimum solubilisation parameter (SP*) is highest at 

lower temperature i. e. 30 OC. On the other hand, the number of EO units over which 

three phase domain exists becomes larger with the increasing of the temperature. It is 

also observed that the optimum ethylene oxide number (EON*), the number of EO 
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units at which two curves passing through solubilisation parameters intersect each other 
and their magnitude becomes equal, also decreases with increasing temperature. 

As seen in section (6.2.1.3), increasing the temperature of an ethoxylated nonionic 
surfactant with a particular hydrophobic group and having 7.2 number of EO units, 
results in a direct reduction of solubility, and a phase transformation sequence Type-I 
=> Type-III => Type-11, may be observed. It can also be seen that the optimum phase 
boundary (OPB) as a function of alkane carbon number (ACN), moves towards a higher 

number of ethylene oxide units when the system temperature is increased. As already 
mentioned, the main effect of temperature increase on a nonionic surfactant solution is 
to decrease the interaction between the polyoxyethylene chain (POE) and water. 
However. 

) the number of surfactant molecules per unit area of interface also decreases 

with increasing temperature. Increasing the number of ethylene oxide units in the 

surfactant molecule to compensate for the temperature effect also reduces the solvency 
[39]. Salter et al. [36] have shown that the optimum solubilisation parameter (SP*) is 
higher at lower EO units for a particular lipophilic group surfactant. However, the 

optimum solubilisation parameter decreases with increasing temperature compensated 
by increasing the number of ethylene oxide units. 

Increasing the temperature is also expected to increase the average area occupied per 
surfactant molecule at the water/oil interface. This is because the driving force 

responsible for solubilisation, i. e. the lipophilic effect, is reduced [39]. Therefore, the 

greatest decrease in the solubilisation is observed when an increase in temperature is 

compensated by reducing the interaction between the oil molecule and liPophilic tail of 
the surfactant [35]. This behaviour was further confirmed by Kunieda et al. [44]. They 

observed that the effect of increasing the temperature was greater for the phase 
boundary between Type-III and Type-II systems than between the Type-I and Type-III 

systems. Consequently, increasing the temperature not only reduces the optimum 

solubilisation but also widens the three phase region. 
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6.2-2.3 Effect of alcohol Type 

Chapter 6 

As seen in the earlier section (6.2.1.4), the type and concentration of alcohols 
affect the optimum phase boundary for ethoxylated nonylphenol/brine/alkane systems. 
The alcohols are generally classified into two different groups, depending on the 
direction of shift they produce on the optimum phase boundary. For short chain 
alcohols, with carbon atom less than 4, the EON* decreases with increasing alcohol 
concentration over the range considered. However, for alcohols with carbon atoms 
more than 4, the optimum ethylene oxide number increases monotonically with 
increasing alcohol concentration. It has been observed that for n-pentanol and 
isopentanol, the optimum EON shifts toward higher values upon increasing their 
concentrations (see Figures 6.7 and 6.8). Similarly the optimum solubilisation 
parameter depends on the alcohol type and concentration. 

Figures 6.14 and 6.15 and show the influence of isopentanol and n-pentanol on the 
optimum solubilisation parameters, V,, N, and V, N,, with changing the number of 
ethylene oxide units respectively. It can be seen that the introduction of 1% isopentanol 

or n-pentanol to the system shown in Figure 6.1, increase the optimum solubilisation 
parameters. However, the amount of shift in the optimum solubilisation parameter is 
higher in the case of n-pentanol than that of isopentanol (see Figure 6.18). Most 

reported results show that adding alcohols to micellar systems reduces the optimum 
solubilisation and increases the interfacial tension accordingly [17,45-50]. These studies 
were with alcohols with alkyl group carbon atom less than 6. Bourrel et al. [28] have 

shown that the optimum solubilisation basically depends on the partitioning of the 

alcohols at the interfacial layer. They have shown that the short chain alcohols dilute the 

surfactant concentration at the interface and consequently the optimum solubilisation 
decreases. However, increasing the alcohol chain length, primarily increases the 
interaction of the interfacial layer with the oil. Thus the optimum solubilisation is 

expected to increase whenever the compensation is achieved by increasing the 
interaction between the interfacial layer and water. For anionic surfactants, this could be 

obtained by decreasing the salt concentrations whereas for ethoxylated nonionic 

surfactants, an increase in the interaction between the interfacial layer and water is 

obtained by increasing the number of ethylene oxide units in the surfactant molecule. 
Due to the higher lipophilic character of n-pentanol compared to isopentanol and 2- 

butanol,, the number of ethylene oxide units required to obtain the optimum phase 
boundary is higher. Therefore, the optimum solubilisation parameter (SP*) is higher for 

n-pentanol than for isopentanol and 2-butanol (see Figure 6.18). 
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/-I -- uPtinlising the Winsor Type-III Phase Equilibria Chapter 6 

6.2.2.4 Effect of Salinity 

Figures 6.16a to 6.16d display the solubilisation parameters, VO/Vs and VwN, 
of octane, decane, dodecane, and tetradecane for the systems shown in Figure 6.1 except 
that the NaCl concentration in brine was increased from I gm/dl to 5 gm/dl. As seen in 
section (6.2.1.5), the effect of adding NaCl is similar to that of adding long chain 
alcohols i. e. the optimum ethylene oxide number is shifted toward higher EON by the 
same amount for each ACN in the range of salinity studied. This means that NaCl 
enhances the partitioning of the surfactant into the oil phase. It has been shown in 
Chapter 5 that the cloud point temperature decreases with increasing NaCl 
concentration for ethoxylated nonylphenol surfactants. This is because the added 
electrolytes modify the structure of water by disrupting the hydrogen bonding in the 
water [39]. Figures 5.1 and 5.2 show that the effect of adding sodium chloride on the 
cloud point is higher at low concentration (upto 5 gm/dl) than that for higher 

concentration. It has been reported in the literature [34,50-51] that adding sodium 
chloride to an aqueous solution dehydrates the polyoxyethylene chain thereby reducing 
the surfactant solubility. Thus the effect of adding NaCl can be compensated by 
decreasing the temperature or increasing the number of ethylene oxide units in 

surfactant molecule in order to restore the optimum phase boundary. This behaviour is 
in agreement with that investigated by Buzier et al. [52]. They have concluded that 
increasing the NaCl concentration or decreasing the temperature have quite similar 
effects in scanning the Type-III phase equilibria. Figure 6.18 shows that increasing 
NaCl concentration from 1 gm/dl to 5 gm/dl has no significant effect on the optimum 
solubilisation parameters. It can also be seen from Figure 6.17 that the optimum 
solubility parameter decreases with increasing alkane carbon number (ACN). Interfacial 

tension measurements investigated for an ethoxylated nonionic surfactant, reveals that 
increasing the salinity (NaCI) to a lower threshold level, considerably lowers the 

minima in interfacial tension [12]. Increasing the salt concentration above the lower 

threshold level, moves the minimum IFT point towards higher alkane carbon number 
(ACN). It is, therefore, presumed in the light of the effect of salinity on the cloud point 
temperature and on the phase behaviour that the optimum solubility parameter increases 

with salinity for a particular hydrocarbon to a certain threshold level. Figure 6.17 shows 
the solubility parameters for decane, having the same system variables as shown in 

Figures 6.16 to 6.16d except for the salt concentration which was raised from 1 gm/dl to 
10 gm/dl. It has been observed that there is no significant difference in the magnitude of 
the optimum solubilisation parameter (SP*) for the systems containing salinity 5 gm/dl 

and 10 gm/dI. This behaviour is in agreement with that predicted through interfacial 

tension measurements [ 12] as mentioned above. 
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Figure 6.17: Effect of salinity (10 gm/dl) on solubilisation parameters, V,, /V, and VN,, of 

decane with same other system variables as shown in Figure 6.2. 
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6.2.2.5 Effect of Mixture of Oils 

Chapter 6 

The solubilisation parameters, VONs and VwNs, for the mixtures of xylene (mix) 
and hexadecane for four different compositions have been investigated and are shown in 
Figures 6.19a to 6.19d. The solubilisation parameters are plotted as a function of the 
number of ethylene oxide units for the mixtures of xylene and hexadecane with molar 
compositions, 0.7/0.3,0.5/0.5,0.3/0.7 and 0.15/0.85 respectively. From these figures, 
three main conclusions can be made; i) it can be seen that the optimum ethylene oxide 
number (EON*), the number of ethylene oxide units at which the two solubilisation 
parameter curves (VoNs and V, N, as a function of number of ethylene oxide units) 
intersect each other, shifts towards lower magnitude with increasing the molar 
composition of hexadecane in the mixture, ii) the range of the number of ethylene oxide 
units for which a three-phase region is formed, stretch out as the molar composition of 
hexadecane increases in the mixture, iii) finally, it is observed that the magnitude of the 

optimum solubilisation parameter (SP*) is highest for the mixture having the largest 

molar composition of xylene for the composition studied, and that it decreases with 
decreasing the composition of xylene in the mixture. 

It has been seen earlier that the optimum solubilisation parameter (SP*) decreases with 
increasing alkane carbon number (ACN), and its highest value is observed for heptane 

(see Figure 6.18). Since the interaction between the surfactant and oil molecules 
increases with decreasing ACN, the number of ethylene oxide units required to balance 

the interaction between the surfactant molecule and water increases. Hence, the 

optimum solubilisation parameter (SP*) increases with decreasing ACN. However, 

Bourrel et al. [13] observed that for nonylphenol ethoxylates, an unusual behaviour 

exists for ACN less than hexane. The reasons for such a behaviour has been explained 

in detailed in Chapter 4. Due to well known solvent properties of alkylbenzenes [13], 

the interaction between the xylene and the surfactant molecules is higher than that of 

normal alkanes. As a result of this, the EON of the surfactant is increased in order to 

increase the interaction between the surfactant head group and water. As a consequence 

of this, the two interaction forces become equal and a balance is finally achieved and a 

Type-III system would be formed. However, as the EON increases from 6 in the 

surfactant molecule, the polyoxyethylene chain starts mixing with xylene, causing a 

poor partitioning of the surfactant at oil/water interface. As a result of this, the three 

phase region scanned as a function of the number of ethylene oxide units for pure 

xylene has very small or negligible solubilisation [34]. By mixing the xylene with 

hexadecane, the interaction between the mix-oil molecules and surfactant tail increases 

whereas the interaction between the mix-oil molecules decreases. 
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OPtimising the Winsor Type-III Phase Equilibria Chapter 6 

In order to obtain a system for which the surfactant shows an equal interaction between 
the mix-oil and water molecules, the Type-III system is scanned as a function of EON. 
It can be seen that the phase volume and hence the optimum solubilisation parameter is 
highest for the mixture having a largest mole fraction of xylene. Increasing the 
composition of hexadecane in the mixture results an increase in the interaction of mix- 
oil molecules, whereas the interaction between the mix-oil and surfactant molecules 
decreases. Consequently, the number of ethylene oxide units required to form a Type-III 
phase equilibria is decreased. The optimum solubilisation decreases and the three phase 
domain expands when the molar composition of xylene decreases and hexadecane 
increases in the mixture. 

6.2.3 Phase Volumes 

Relative phase volumes, phase numbers, and phase appearances observed as a 
function of the number of ethylene oxide units when system variables, such as alkane 

carbon number (ACN), temperature, alcohol type and concentration, salinity (NaCI), 

and mixture of xylene and hexadecane, are changed. The surfactant structure was 

optimised by varying the number of ethylene oxide units of nonylphenol ethoxylate as a 
function of one of the system variables mentioned above. Typically, the aqueous 

solution contains 1: 1 % by weight surfactant/2-Butanol, with a salinity of I gm/dI, 

unless mentioned, was equilibrated with on oil phase. The number of ethylene oxide 

units were varied and adjusted as a function of one of the system variables so that the 

three phases (Type-III system) appeared. The systems with large number of ethylene 

oxide units formed the o/w microemulsions containing a substantial surfactant 

concentration in the aqueous phase with an excess oil phase i. e. Winsor Type-I system. 
The Type-1 system transforms to Winsor Type-III system; the middle phase 

microemulsion contains maximum surfactant concentration with excess oil and brine 

phases. With further decrease in the number of ethylene oxide units in the surfactant 

molecule, the Type-III system moves towards Winsor Type-II system; the upper phase 

microemulsion containing large amount of surfactant with little amount of associated 

water and excess brine phase. The Winsor Type-III system is the desired phase 

equilibria because this particular system is considered to be associated with the ultralow 

interfacial tensions [12-13] required for enhanced oil recovery. 

6.2.3.1 Effect of Alkane Carbon Number (A CN) 

Figure 6.20 shows the systematic effect of alkane carbon number (ACN) when 

the volume fractions are plotted as a function of the number of ethylene oxide units at a 
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constant temperature of 30 T. This figure is also a representation of the system shown 
in Figure 6.2. It can be seen from this figure that the sequence of phase counts is 2,3, 
2 with decreasing the number of ethylene oxide units (Type-1, Type-111, Type-11). It 
gives the number of equilibrium phases, and for a two phase system, it indicates 
whether the surfactant is primarily in the lower, water-rich (2), or upper, oil-rich (2) 

phase. For ethoxylated nonionic surfactants with a particular lipophilic group, the water 
solubility increases with increasing the number of ethylene units and decreases with 
increasing temperature. Systems containing surfactant with high ethylene oxide number 
(usually >6) are water soluble and form Type-I systems at lower temperatures (see 
Figure 6.20). The surfactant affinity towards water decreases with decreasing the 
number of ethylene oxide units, however, its affinity towards oil increases. This results 
in the system transforming from a lower phase microemulsion, Type-I system, to a 
middle phase microemulsion, i. e. Type-III system. With a further increase in the number 
of ethylene oxide units, the surfactant partitioned into the oil phase with a small amount 
of associated water, and a Type-II system is formed. 

It is observed that the relative phase volumes and hence solubilisation of oil and water 
in the middle phase microemulsion as a function of the number of ethylene oxide units 

required to formulate the Type-III phase equilibria, depends on alkane carbon number 
(ACN) and several other system variables as mentioned above. Figure 6.20 shows that 

the three phase domain is large in terms of phase volumes for octane. Conversely, the 

three phase region extends over a narrow range of the number of ethylene oxide (EO) 

units in the surfactant. Increasing alkane carbon number (ACN), from octane to 

tetradecane, the relative phase volumes for Type-III system decreases whereas it extends 

over a wider range of the number of ethylene oxide units (see Figure 6.20). This is due 

to the surfactant partitioning into the surfactant-rich-phase which is highly dependent on 

the chain length of the hydrocarbon. Short chain alkanes, such as heptane and/ or 

octane, having a stronger interaction with lipophilic group of the surfactant. However, if 

the size of the surfactant head group is larger, the surfactant partitions into the aqueous 

phase with a small amount of solubilised oil, and forms a Type-I system. 

In order to have a system which has an equal interaction with oil and water, the 

surfactant head group is decreased thereby decreasing the number of ethylene oxide 

units in the surfactant molecule. At some critical EON, the two phase system (Type-I 

system) transforms into the three phase system (Type-III system), which contains a 

substantial amount of surfactant. It is observed that for ethoxylated nonylphenol 

surfactants, the interaction between the lipophilic group approaches to its maximum 

value for heptane and/ or octane, and therefore, the number of ethylene oxide units 
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OPtimising the Winsor Type-III Phase Equilibria Chapter 6 

required to scan three phase region for these oils are higher. As a result of this 
behaviour, the three phase domains appears with largest phase volume for these alkanes, 
and magnitude of the solubilisation parameters reaches to a highest value. Increasing 
ACN, results in a reduction of the interaction between the surfactant lipophilic group 
and oil molecules, as compared to that of oil molecules. The interaction between the 
surfactant head group and water must be decreased to achieve the most balanced 
system. This is done by decreasing the number of ethylene oxide units (see Figure 
6.20a-6,20d). However, due to a reduction in the interaction forces with increasing 
ACN, the three phase envelopes become thinner, and stretch out over a wider range of 
ethylene oxide units. Hence, the optimum solubilisation parameter (SP*) decreases with 
increasing alkane carbon number (ACN). 

6.2.3.2 Effect of Temperature 

When one of the system variables is systematically changed, the range of the 

values over which the three phase region is observed, has been found to depend on the 
system investigated. It has been found that for ethoxylated nonionic surfactants, 
temperature is one of the major system parameters which sufficiently affects the 

existence of the middle phase region (Type-III system) when it is scanned as a function 

of hydrophilic moiety of the surfactant. Figures 6.21a to 6.21d show the relative phase 
volumes of lower water-rich, middle surfactant-rich, and upper oil-rich phases scanned 
as a function of the number of ethylene oxide units for decane at various temperature. A 

vertical cut in each phase diagram gives a direct indication of the relative phase volumes 
and location of the interfaces. These vertical cross-sections also illustrate the range of 
the polyoxyethylene units for which lower, middle and upper phase microemulsion 
phases are observed. The critical points at which the composition of lower phase (Type- 

1) system become identical to middle phase (Type-III) is known as the "left" end point 

whereas the point at which the middle phase microemulsion transforms into upper phase 
(Type-II) system is termed as the "right" end point. Three main conclusions can be 

drawn from these phase diagrams. 

a) Increasing the temperature of the system shifts the critical end point boundaries, 

both towards left as well as right, and the overall effect causes the three phase 

domain to shift towards higher EON units. 

b) On increasing the temperature of the system while keeping all the other system 

variables constant, the relative phase volume of the middle phase regime becomes 

narrow, however, it expands over a wider range of ethylene oxide units. 
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c) the compression of middle phase volume means the amount of oil and water 
solubilised in the surfactant phase is reduced. Consequently, increasing the 
temperature results as a reduction in the optimum solubilisation parameter (SP*). 

As seen in section (6.2.2.2), the solubility of nonionic surfactant in oil and water phases 
is highly sensitive to temperature and alkane carbon number (ACN), when all the other 
formulation variables are unchanged. Increasing the temperature decreases the 
interaction between the polyoxyethylene chain and water, which is mainly attributed to 

presence of hydrogen bonds between the ether oxygen atom and water [39]. 

When the temperature of the system containing ethoxylated nonionic surfactants is 

raised, these hydrogen bonds are disrupted and as a result, a decrease in the interaction 

between the surfactant head group and water occurs. Consequently, the surfactant 

molecule becomes lipophilic and partitions into the organic phase and a phase 
transformation, Type-I => Type-III => Type-II, is promoted. However, a decrease in the 
interaction forces, between the surfactant head group and water with increasing the 

temperature, can be compensated by simply increasing the number of ethylene oxide 

units in the surfactant molecule. Three phase region which disappeared after increasing 

the temperature could be scanned once again but this time against higher number of 

ethylene oxide units. This behaviour can be clearly seen in the phase diagrams shown in 

Fig-Lire 6.2 1a to 6.2 1 d. 

As mentioned above, for ethoxylated nonionic surfactants, the main effect of 

temperature increase is to decrease the interaction between the surfactant head group 

and water. However, the number of surfactant molecule per units area of interface also 
decreases with increasing the temperature. It is found that any compensation, 
hydrophilic or lipophilic, also reduces the solvency of the ampiphilic compound [39]. 

Therefore, any increase in temperature may be compensated for by the increasing the 

number of ethylene oxide units (see Figures 6.2 1a to 6.2 1 d). A similar type of behaviour 

has been observed by other investigators [7,49]. 

6.2.3.3 Effect of Alcohol Type 

As seen in section (6.2.1.4), the effect of alcohols on the optimum phase 

boundary depends on their type and concentration. Short chain alcohols (<C4) solubilise 

into the aqueous phase making the surfactant molecule more hydrophilic and raising the 

optimum phase boundary. On the other hand, long chain alcohols (>C4) show their 
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partitioning into the organic phase and increase the lipophilicity of the ampiphilic 
compounds. However, the alcohol with carbon atom number of 4 acts as a neutral, and 
their presence in the surfactant system are used to over come the fonnation of liquid 

crystalline phases and enhance the equilibrium process [53]. 

Figures 6.22a to 6.22d illustrate the phase diagrams plotted between the phase volumes 
of lowerl water-rich, middle, surfactant-rich, and upper, oil-rich phases as a function of 
the number of ethylene oxide units for decane at various n-pentanol concentrations. It 

can be seen from these figures that increasing the concentration of n-pentanol make the 

surfactant more lipophilic, and the three phase region moves towards higher number of 
ethylene oxide units. 

However, it is interesting to note that the volume fraction of the middle phase (Type-III) 

microemulsion increases to a threshold concentration level, and any increase beyond 

that threshold level reduces the relative phase volumes of the middle phase region. It is 

shown in Figures 6.22a and 6.22b that increasing n-pentanol concentration just by 1% t__ 

in weight, a relative increase in phase volume is observed and the three phase region 

widens over the range of 0.2 EON units. However, no significant change in the range of 

EON units is observed when the concentration of n-pentanol is further increased. A 

linear relationship between the optimum ethylene oxide number and alcohol 

concentration is observed (see Figures 6.7). A similar behaviour is found when n- 

pentanol was replaced with isopentanol. However, the effect of increasing isopentanol 

concentration on the optimum phase boundaries is less pronounced than that of n- 

pentanol. Figures 6.23a to 6.23c indicate that the three phase regime stretched out over a 

wider range of EON units and critical end point boundaries shifts towards higher 

number of ethylene oxide units. However, no significant difference of increasing the 

concentration on the relative phase volumes is observed. A linear relationship between 

the optimum EON and alcohol concentrations is also observed for isopentanol (see 

Figures 6.8). 
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6.2.3.4 Effect of saunity 

Figures 6.24a to 6.24c show the effect of salt (NaCl) concentration on the 
volume fractions of various phases that appear when the surfactant solution was mapped 
as a function of the number of ethylene oxide units for decane at a constant temperature 
of 30 'C. It can be seen that at low salinity (I gm/dl), the volume fraction of the middle 
phase regime (Type-III) appears in the range of 5.8 to 6.5 EO units. Increasing the salt 
concentration from I gm/dl to 5 gm/dl, the Type-III phase equilibria shifts towards a 
higher number of ethylene oxide units along with an increase in the volume fraction of 
the middle phase microemulsion. Increasing the salt concentration from 5 gm/dl to 10 

gm/dI in the aqueous solution, results in a further shift of the Type-III domain towards a 
higher number of ethylene oxide units. However, the three phase region expands over a 
wider range of EO units, and consequently becomes narrower in terms of phase 
volumes. It seems that the effect of increasing the salt concentration on the phase 
behaviour and on the phase volume diagrams has a similar effect as adding long chain 

alcohols, for example n-pentanol and /or isopentanol. As seen in section (6.2.1.1), 
increasing the number of ethylene oxide units in the surfactant molecule results in a 
larger interaction between the surfactant head group and water. 

It is observed that increasing the salt concentration dehydrates the polyoxyethylene 

chain and reduces the surfactant interaction with water. Thus increasing the 
hydrophilicity of the surfactant by increasing the EON units in Surfactant molecule can 
be compensated for by increasing the salt concentration to maintain the optimum phase 
behaviour i. e. Type-III phase equilibria. An increase in the volume fraction of the three 

phase regime with increasing the salt concentration to a threshold level (ý_--'5 gm/dl), 

suggests an increase in the magnitude of the solubilisation parameter. Hayes et al. [12] 

observed that increasing the salt concentration to a threshold level, lowers the 

magnitude of the minimum in interfacial tension. In addition, any further increase in 

the salt concentration above the threshold level, moves the minimum IFT value towards 

the higher carbon numbers. Figure 6.24c also shows no significant change in the volume ID 
fraction of the middle phase region, which suggests that there is a little difference in the 

optimum solubilisation parameter. A linear relationship between the increase in the salt 

concentration and the optimum EON was also observed. (see Figure 6.9). 
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6.2-3.5 Effect of Mixture of Oils 

It has been mentioned in section (6-2.1.6) that little or no isotropic middle phase 
microemulsion has been observed in the scan of xylene and the number of ethylene 
oxide units in the surfactant molecules. The reasons for this type of behaviour of xylene 
with nonylphenol ethoxylate surfactant has been discussed in detail in section (6.2.1.6). 
The phase volume behaviour of mixtures of xylene and hexadecane as a function of the 
number of ethylene oxide units shows that by increasing the composition of hexadecane 
in the oil mixture, a middle phase region appears and it widens with increasing the mole 
fraction of hexadecane in the mixtures. Figures 6.25a to 6.25d show the relative volume 
fractions of lower phase microemulsions at higher EO units, upper phase of 
microemulsion against small EO units, whereas the middle phase microemulsion is 

observed at an intermediate range of EO units. Figure 6.25a illustrates the volume 
fractions of lower, middle, and upper phase microemulsions when the mixture of xylene 
and hexadecane contains molar composition of 0.7 and 0.3 respectively. It can be seen 
from Figures 6.2-5a to 6.25d that the volume fraction of middle phase microemulsion 
decreases with increasing the mole fraction of hexadecane. However, the three phase 
domain moves towards lower number of ethylene oxide units when oil composition is 

made rich with the addition of hexadecane. Moreover, the range of EO number over 
which the three phase region is obtained increases. A linear relationship between the 

mixture of xylene and hexadecane, and the optimum ethylene oxide number is observed. 
It is also found that the optimum solubilisation parameter decreases linearly when mole 
fraction of xylene is decreased in the mixture. 

As mentioned in section (6.2.1.1), due to well established solvent properties of cyclic 

compounds, the interaction forces between the xylene molecules and the lipophilic tail 

of surfactant molecule are higher than the straight chain alkanes. As a result of this, the 

number of ethylene oxide units required to scan the three phase region are higher. 

However, it has been shown that hydrocarbons having their equivalent alkane carbon 

number (EACN) less than five (5), exhibit unusual behaviour with the system 

containing nonylphenol ethoxylates as surfactants [13]. Since, xylene exhibits an 

equivalent ACN equal to two (2), a sharp partitioning of the surfactant from aqueous to 

the organic phase is observed. As a consequence, a very little or no middle phase 

microemulsion is observed. The equivalent ACN increases when the composition of 

hexadecane in the mixture of oils is increased, and as a result, the three phase region 

starts appearing. The phase behaviour studies of nonylphenol ethoxylates as a function 

of ACN reveals that the optimum EON number increases with increasing ACN. 
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Optimising the Winsor Type-III Phase Equilibria Chapter 6 

Similarly, a linear relationship is found between the optimum EON and the mole 
fraction mixture of xylene and hexadecane (see Figure 6.10). 

6.3 SUMMARY 

In this chapter, the phase behaviour, interfacial tension, solubilisation, and 
relative phase volumes studies of mixed nonionic surfactants in oil and brine systems, 
were investigated by varying several system variables, such as alkane carbon number 
(ACN), temperature, alcohol type and concentration, salinity, and mixture of xylene and 
hexadecane. A series of intermediate surfactants were obtained by mixing two 
ethoxylated nonionic surfactants, nonylphenols ethoxylates having 5 and 15 average 
number of ethylene oxide units, with a difference of 0.2 EO units, following the linear 

mole fraction rule. 

It has been found that the three phase region mapped by varying the number of ethylene 
oxide units as a function of alkane carbon number (ACN) at a constant temperature of 
30 T, has a similar shape and trend as that observed by Bourrel et al. [22] and Graciaa 

et al. [23,32]. However, the three phase domain shifted towards large number of 

ethylene oxide units when it was mapped using the mixed surfactants obtained by 

mixing two surfactants having a large difference in the size of their hydrophilic head 

groups. Like anionic surfactants, which exhibit linearity when the logarithm of the 

optimal salinity is plotted versus alkane carbon number (ACN), ethoxylated nonionic 

surfactants for which the optimum ethylene oxide number (EON*) is a linear function 

of ACN, with the slope independent of alcohol type and concentration, salinity, and 
temperature (T<60 'Q. It has been found that for ethoxylated nonionic, surfactants with 

a particular lipophilic group, the number of ethylene oxide units in the surfactant 

molecule and temperature are the main system variables having strongest influence on 
the phase behaviour. 

It is found that for mixed ethoxylated nonionic surfactants, the minimum in interfacial 

tension is also related to Winsor Type-III phase equilibria. As compared to anionic 

surfactants, the state of low interfacial tension of nonionic surfactants is less sensitive to 

system variables, and the three phase region obtained with such surfactants is much 

wider. The synergistic behaviour found in phase behaviour diagrams is also found in the 

IFT measurements. For mixed surfactant systems, the minimum IFT value measured 

was in the range of 10-2mN/m. However, for the systems obtained by mixing the 

surfactants with a narrow range of EO (EON:!! ýI) units, it was reported that the tension 

value goes as high as 10-1 mN/m. 
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For ethoxylated nonionic surfactants, increasing the temperature decreases the relative 
affinity of the surfactant towards water, whereas for anionic surfactants a reverse 
behaviour is reported. For nonionic surfactants, increasing the temperature can be 
compensated either by increasing the number of ethylene oxide units in the surfactant 
molecule or by adjusting other system variables such as alcohol type and concentration, 
and salinity. However, the optimum solubilisation parameter and relative phase volumes 
are closely related to temperature variations. It is found that the optimum solubilisation 
parameters, and hence the relative phase volumes are higher for the system optimised by 

varying number of ethylene oxide units (EON) versus short chain alkanes. 

Alcohols can be classified into two groups, depending on the direction of their ultimate 
effect on the optimum phase behaviour. Introduction of long chain alcohols to a system 
optimised with nonionic surfactants versus ACN, the optimum phase boundary shifts 
towards higher values. An increase in the relative phase volumes and optimum 

solubilisation parameters is observed when n-pentanol and isopentanol are added to a 
threshold level. Increasing the alcohol concentration greater than this lower-threshold 
level, dilutes the surfactant concentration at the interface and lower the solubility and 
relative phase volumes. For short chain alcohols (>C4), the effect on phase behaviour 

are reversed and substantially smaller. 

Adding electrolyte to a nonionic surfactant systems is similar to that increasing the 

temperature. However, the effect of increasing the salt concentration on the phase 
behaviour substantially is less compared to that of increasing the temperature. 

Increasing the salt (NaCI) concentration dehydrates the polyoxyethylene chain and 
increase the partitioning of surfactant towards the oil phase. It has been found that 

increasing the salinity to a lower threshold level, increases the solubilisation parameter 

and hence the relative phase volume, and increasing the salt concentration beyond this 

lower-threshold level, has a little effect other than the optimum phase boundary shifts 

towards a high carbon atom number. 

As already reported in literature, little or no three phase region is found when the phase 

behaviour is mapped by varying the ethylene oxide units with xylene. This may be due 

to the well known solvent properties of alkylbenzene compounds. Increasing the mole 

fraction of long chain alkane (hexadecane) in the xylene-hexadecane mixtures, the 

volume fraction of the middle phase microemulsion increases to a particular mole 

fraction (xylene: nC16=0.7: 0.3), and as a result, an increase in the optimum 

solubilisation parameter is observed. However, the optimum solubilisation parameter 
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decreases with increasing the mole fraction of hexadecane in the mixtures whereas the 
three phase region becomes thinner and stretches out over a wider range of ethylene 
oxide units. 
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Chapter 7 

61, pH-Denendent Surface and Micellar Properties ofAlkyl Ether 
Carboxylic Acid Surfactants 

7.1 INTRODUCTION 

Petroleum sodium sulfonates are conventionally used and investigated with 
reference to chemical flooding in the oil industry [1-4]. Difficulties encountered with 
the use of such conventional petroleum sulfonates in reservoirs with high salinity and 
high divalent ion contents, include the poor interfacial activities that they exhibit an 
inability to formulate middle phase microemulsions. Ethoxylated nonionic surfactants 
have shown a relative insensitivity to salinity [5-6]. Middle phase microemulsions and 
ultra-low interfacial tensions have been reported and experimentally verified using 
ethoxylated nonionic surfactants (see Chapters 4 and 5). However, they are very 
sensitive to temperature and suffer from high adsorption loss. 

Ethoxylated ionic surfactants are being increasingly investigated for improved oil 

recovery processes because of their better performance due to special characteristics 

such as anti-corrosiveness, lime soap dispersibility, alkaline stability, thermal stability, 

and electrolyte stability [7-11]. Besides ethoxylated sulfonates, other surfactants have 

also been reported to have suitable phase behaviour in high salinity envirom-nents such 

as alpha-olefin sulfonates and esters of alpha-sulfonated fatty acids [9]. For this reason, 

several studies have been devoted to the micellar properties of such surfactants [12-14]. 

Recently, ethoxylated carboxylated surfactants have received considerable attention 
because of their chemical and thermal stability, a high tolerance to mono and divalent 

ions, and low losses in the medium through retention in the pores of the reservoir rocks 
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[15-16]. As primary surfactants, alkyl polyether carboxylated surfactants have exhibited 
huge potential for use in enhanced oil recovery [16-17]. Another advantage is that the 
oil recovered by using these surfactants is emulsion free [18]. For the design of an 
optimum surfactant slug, relating to low interfacial tension and maximum solubilisation, 
it is necessary to understand the surface and micellar properties. However, in the past 
very little attention has been given to the investigation of micellar properties of alkyl 
ether carboxylates. 

In this chapter, some surface and micellar properties of a homologous series of 
commercially available surfactants, alkyl ether carboxylic acids, containing a mixture of 
C, 3-C, 5 as an alkyl chain with oxyethylene units 2.5,4, and 7 in the surfactant 
molecules have been investigated. It will be shown that the surface and micellar 
properties of these surfactants are very sensitive to pH. The aqueous properties studied 
were the efffect of degree of ethoxylation, pH, salinity and temperature on the critical 
micelle concentration, CMC, surface tension, cloud point, and aggregate size. 

7.2 RESULTS AND DISCUSSION 

7.2.1 pH Curves For Acid and Base Titrations 

The surfactants studied in this work were alkyl ether carboxylic acids having the 

general structure, R-O-(CH2CH20)n_COOHý where R represents the alkyl chain, and n 
is the number of oxyethylene units in the surfactant molecule. A more complete 
description about R, n and structures of each surfactant can be found in Chapter 3. 

Normally, these surfactants are weak acids and can be neutralised using a variety of 

neutralising agents such as NaOH. It will be shown that these surfactants are quite 

sensitive to pH. Some of the important features of ether carboxylic acids are: i) weakly 
dissociated acids, ii) non-ionic in aqueous solution and, iii) anionic in neutralised 

solution [19-20]. These characteristics indicate that ether carboxylic acid surfactants 
have a double function and can be used in charged as well as neutral forms. 

Figure 7.1 shows the pH curves obtained by titrating surfactant solutions with a strong 
base, NaOH. For the homologous surfactant series, the initial pH (acid solution) of the 

surfactant solution decreases with the increase of oxyethylene (EO) units from 4.05 for 

AEC+E02.5 to 3.84 for AEC+E04. Any further increase in number of EO units in the 

surfactant molecule will keep raising the pH of the acid solution. However, the pKa 

values of the surfactant solutions decrease with EO units, indicating that the acid 
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strength of the surfactant increases with the increase of the oxyethylene units (see Table 
7.1). 
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Figure 7.1: The pH curves for the titration of the ether carboxylic acid surfactants with strong 

base NaOH. 

A low pK,, value is also observed for the surfactant with a bulky lipophilic tail, as in the 

case of DTA+E07 (see Figure 7.1). It has also been observed that the stoichiometric 

points for each surfactant solution having the same concentration occurs at a different 

volume fraction of the titrant. It is likely that the converted acid concentration is 

different for each surfactant formulation. Figure 7.1 also indicates that the surfactant 
AEC+E04 has a relatively more acid concentration in the solution than the others, 
because the stoichiometric point is obtained at a larger volume fraction of the titrant. 

The pH of the surfactant solution at various volume fractions of the titrant can be 

expressed through the ionisation degree, a. The ionisation degree, a, is defined as the 

ratio of ionised surfactant molecules to the total number of molecules (ionised + 

unionised) in the solution. For a dilute solution of weak acid, the degree of ionisation 

((x) can be calculated as a function of pH and pKa using the relation [2 1 ], 

I o(pH-pKa) 

(7.1) 
1+I o(pH-pKa) 
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The ionisation degree, cc, calculated using the above relation for pKa values 5.9,5.25, 
5.15 and 4.2 of the surfactants studied are shown in the Figure 7.2. It is interesting to 
observe that the ionisation degree increases with an increase of pH. However, it moves 
to lower pH values with an increase in the number of EO units in the surfactant 
molecule in the case of a homologous series. A similar trend was observed by Binana et 
al. [22]. It can also be seen that the pH sensitivity becomes more pronounce when the 
lipophilic tail of the surfactant is replaced by a bulky one, as in the case of DTA+E07 
(see Figure 7.2). 
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Figure 7.2 : The degree of ionisation, a, as a function of pH for Alkyl Ether Carboxylic 

Acid surfactants AEC+E02.5, AEC+E04, AEC+E07, and DTA+E07 respectively. 

7.2.2 Effect of pH on CMCs 

Table 7.1 lists the CMC values for four surfactants in acid and salt forms 

measured by surface tension method and verified with conductivity measurements. The 

measurements show that the CMC values increase with the degree of ionisation and they 

are higher for salts than for acids. It is also clear that the CMC values increase with the 

number of ethylene oxide units in the surfactant molecule. For ethoxylated nonionic 

surfactants, the interaction energy between the hydrophilic head group and water 

molecules, can be increased by increasing EO units in the surfactant molecule [5-6]. 
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Therefore, the CMC of ethoxylated surfactant increases with the number of EO units in 
the hydrophilic moiety of the surfactant molecule. Since the ether carboxylic acid 
surfactant contains two hydrophilic head groups, a polyoxyethylene (-CH2CH20)n chain 
and an ionisable carboxylic acid (COOH) head group as shown in the Figure 7.3, 
increasing the pH ionises the carboxyl group which in turn makes the surfactant more 
hydrophilic. 

R- (CH2CH20)n 

Lipophilic Hydrophilic Hydrophilic 

Figure 7.3 : Functional groups of a Alkyl Ether Carboxylic Acid Surfactant. 
I 

Table 7.1 

CMCs and pKa values of the surfactants investigated. C) 

Surfactants EON cmcs 

(gm/looml) 
pK, 

Acid T Salt 

Atlas G-5086 2.5 0.00242 0.00260 5.9 

Atlas G-5760 4 0.00382 0.00465 5.25 

Atlas G-5411 7 0.00788 0.0120 5.15 

DTA-7 7 0.0072 4.42 

As shown in Table 7.1, the CMC of the homologous series of surfactants increases in a 

sequence: AEC+E07>AEC+EO4>AEC+EO2.5. Hence, either increasing the degree of 

ionisation, (x, or the number of EO units in the surfactant molecule both increase the 

interaction energies between head groups and water molecules, thereby increasing the 

CMC. For example, the CMC of the surfactant AEC+E07 as a salt (pH=10) is higher 

than that of the acid solution (pH=3-4), as shown in the Figure 7.4. 

OCH2-COOH 
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Figure 7.4: Influence of pH on the CMCs of AEC+E07. The CMC is higher for the salt It> 
form than for the acid. 
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Figure 7.5: Effect of pH on surface tension and CMC of surfactant Alkyl Ether Carboxylic 

acid having 7 EO units in the molecule. 
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It is interesting to observe that the influence of pH on surface tension is large below the 
CMC and its effect becomes insignificant as the surfactant concentration approaches the 
CMC, as shown in the Figure 7.5. It is likely that increasing the pH of surfactant 
solution below and above the CMC makes the surfactant molecules more hydrophilic 
and the surface tension increases accordingly. However, below CMC, according to 
Gibbs adsorption, the surface tension decreases with the increasing surfactant 
concentration until the CMC of the surfactant solution is reached. 

7.2.3 Effect of pH and Temperature on Aggregate Size 

Increasing the pH of alkyl ether carboxylic acid surfactants ionises the 

carboxylic head group, which in turn increases the solubility of the surfactant in water 
[231. A weakly ionised polyether carboxylic acid surfactant molecule retains the best 

properties of nonionic surfactants [20]. For ethoxylated nonionic surfactants, the 

solubility in water depends on the number of ethylene oxide (EO) units and it increases 

with increasing EO units in the molecule. However, the water solubility decreases with 
increasing temperature, and the temperature at which a nonionic surfactant comes out of 
the solution is known as the cloud point. Nonionic surfactants exhibits maximum 

surface activity near to the cloud point [24]. With a low number of EO units such as 
EO=2.5 and EO=4, the unionised surfactant molecules are close to, or above the cloud 

point, and hence the aggregate size, measured by Photon Correlation Spectroscopy 

(PCS), is larger for acids than for the salt form, as shown in Figure 7.6 and Figure 7.7. 

This in agreement with Nakagawa and Tori [25] who have found a large increase in the 

aggregate weight for ethoxylated nonionic surfactants near the cloud point. Tiddy [26] 

has pointed out that, for ethoxylated nonionic surfactants, the aggregation number of the 

micelles increases with an increase of temperature or with the decrease of the number of 
EO units due to intermicellar growth. 

Increasing the pH of the acid solution will augment the salt to acid form ratio, and as a 

results of this, the area of the charged head group increases due to the electrostatic 

repulsion and micelles consisting of a mixed surfactant form [27]. The size of micelles, 
formed by the association of charged surfactant molecules, increases, however the 

concentration of monomers formulating the nonionic aggregate decreases and as a 

consequence, the average size of the aggregates in surfactant solution decreases. When 

the pH of the surfactant solution is higher than the pKa value (PHýfl, more than half the 

surfactant is ionised and aggregates consist mostly of the ionised surfactant molecules 

and dominate in size. The aggregate size decreases whereas micelle size increases with 

increasing pH until all the surfactant in solution is completely ionised. 
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Figure 7.6: Effect of pH on aggregate size for surfactant AEC+E02.5 (0.05 gm/dl) at 

temperature of 25 T as determined by PCS. 
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Figure 7.7: Effect of pH and temperature on the size of aggregate of AEC+E04 (conc. 

=0.05 gm/100 ml) as determined by PCS. 
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By comparing the aggregate size as a function of pH of the surfactant having small 
number of EO units, AEC+E02.5, with that having a relatively large number of EO 
units, AEC+E04, no significant difference has been observed. Binana et aL [22] have 
found that for ethoxylated carboxylate surfactants, the aggregation number increases 
with increasing of temperature only if the surfactant concentration is above than the 
CMC. It is clear from the Figure 7.6 and Figure 7.7 that if the pH is increased to more 
than 10, the excess sodium hydroxide acts as an electrolyte. As a result, the double layer 
surrounding the ionic heads is compressed due to the reduction of mutual repulsion 
between the micelle and consequently, the aggregate size is decreased as illustrated in 
FiguTe 7.7. 
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Figure 7.8: Effect of temperature on size of aggregates of AEC+E04 (conc. =0.05 gm/100 

ml) as determined by PCS. 

Figure 7.8 shows that the aggregate size decreases with increasing of temperature and 

pH. However, the relative effect of temperature on the aggregate size is greater for an 

acid solution than for a salt. As mentioned already, the surfactant as an acid in an 

aqueous solution and hence retains the best properties of nonionic surfactants. 

Therefore, increasing the temperature dehydrates the oxyethylene chain to some extent 

and surfactant molecules become more hydrophobic. However, for ethoxylated sulfates, 

Tokiwa and Ohki [12] have found that the influence of a short oxyethylene chain 

(EO<3) on hydration is minor. They showed that with surfactants having EO>3, there is 

a linear relationship between the number of water molecules per Polyoxyethylene and 
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the number of oxyethylene units in the surfactant molecule. For surfactants with an 
ionic head group, an increase in temperature causes a small decrease in the aggregation 
number in the aqueous medium, presumably due to an increase of the area of head group 
as a result of thermal agitation [27]. When the pH of the solution becomes equal to 10, 
the bulk surfactant solution is completely ionised and the influence of temperature on 
the aggregate size becomes minor. 

7.2.4 Effect of pH and Electrolyte on the Aggregate Size 

By considering the geometry of the micelle, the aggregation number of the 

micelle in the aqueous solution should increase with an increase in the length of the 
lipophilic tail of the surfactant molecule, and decrease with an increase in the cross- 
sectional area of the hydrophilic group [29]. For polyoxyethylene nonionic surfactants, 
the aggregation number increases with an increase in temperature, and salinity, and 
decreases with the number of oxyethylene (EO) units due to an increase in hydration of 

oxyethylene head group. However, the aggregation number increases with the binding 

of counterions to the micelles in the ionic surfactants [28]. Where the surfactant 

molecules contain ionisable head groups such as COOH, the degree of dissociation of 
the polar group will be highly dependant on pH [12]. It has been seen that the addition 

of neutral electrolyte to the solution of such ionic surfactants in the aqueous solution 
first causes a decrease in the aggregate size, passing through a minimum, and then 

increases with an addition of ionic concentration (see Figure 7.9). 

It is expected that at low pH values, the addition of electrolyte plays a role similar to 

that of temperature. At low electrolyte concentration, the effect of counterions is 

somewhat complex since the surfactant solution contains both ionised and unionised 

surfactant molecules. It is presumed that at low pH and low electrolyte concentrations, 

the addition of electrolytes reduces the intennicellar attraction which in turn repels the 

micelles. As a result the aggregate size decreases as shown in the Figure 7.9. A 

minimum in the aggregate size is found at an electrolyte concentration of around 5 

gm/dl for a surfactant having 4 ethylene oxide units. Addition of excess salt causes an 

increase in aggregate size. This could be due to the compression of the electrical double 

layer surrounding the ionic head group, thereby reducing the repulsion between them. 

An increase in the aggregate size has also been reported for both ionic [28-29] as well as 

ethoxylated nonionic surfactants[30] following the addition of electrolyte. However, the 

magnitude of the change in size is far smaller for nonionic surfactants than for ionic. 

223 



Some pH Dependent Surface and Micellar Properties 

80 

70 

60 

50 

40 

30 

20 

10 

Chapter 7 

AECA+E04 0.05 gm/dl 

Temperature 25 0c m pH = 9.94 

* pH = 9.34 

,j pH = 6.94 

05 10 15 20 25 
NaCl ( grn/dl ) 

Figure 7.9: Effect of pH and electrolyte concentration on the aggregate size at constant 

temperature of 25 OC for AEC+E04 (=0.05 gm/dl). 

7.2.5 Influence of pH on the Cloud Point Temperatures 

It has already been mentioned that ether carboxylic acid surfactants retain the 

best properties of nonionic surfactants in an aqueous solution. Like ethoxylated 

nonionic surfactants, the solubility of the surfactant in the aqueous solution decreases 

with an increasing temperature and salinity. The temperature at which a surfactant 

solution becomes turbid is known as the cloud point. For ethoxylated nomonic 

surfactants, the temperature at which clouding occurs depends on the structure of the 

surfactants [28]. For a particular hydrophobic group, the longer the polyoxyethylene 

chain in the surfactant molecule, the higher the cloud point, however, the effect is not 

linear (see Chapter 5). It is observed that for ethoxylated anionic surfactants, the cloud 

point temperature also depends on the number of the EO units in the molecule. It seems 

to be difficult to determine the cloud point temperature for small EO units (<EO=4) as 

the number of water molecules trapped by the micelles due to the EO chain will be very 

small [12]. 

Figure 7.10 shows the cloud point temperatures for surfactant AEC+E07 as a function 

of salinity. The cloud point temperature increases with increasing pH and decreases with 

an increase of electrolyte concentration. With an increase of pH, the interaction energy 

between the hydrophilic head group of a surfactant and water molecules increases and 
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hence the temperature required to dehydrate the EO chain increases. For ethoxylated 
sulphate surfactants, Tokiwa and Ohki [12] have found that for a particular lipophilic 
tail, there is a linear relationship between the number of water molecules per 
polyoxyethylene units and the number of EO units in the surfactant molecule when the 
polyoxyethylene units in the surfactant molecule exceeds 3. At low pH, the ratio of salt- 
form to acid-form is relatively low and the unionised surfactant behaves like a nonionic 
surfactant, therefore, the cloud point is observed at lower temperatures. This is clearly 
illustrated in Figure 7.10 which shows the effect of salinity on cloud point is higher for 

acid solutions having a pH value of 5.2. It can also be seen from Figure 7.10 that for 

each pH value, the data points follow two straight lines having different slopes. The 

cloud point temperature decreases more rapidly as a function of salinity to a value of 18 

gm/dl for a pH value of 5.2 and effect becomes lower after this concentration. It is also 

observed that this critical salinity value increases with increasing pH and slopes of the 
lines decreases as the pH increases. 
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Figure 7.10: Influence of pH and salinity on cloud point temperature of surfactant AEC+E07 

at a concentration of I gm/dl in aqueous solution. 

When the surfactant head group is completely ionised (pH>7), the change in the 

cloud point temperature as a function of salinity becomes insignificant as shown 

in Figure 7.10. This is because the ionic head group has a greater attraction to 
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water molecules than the nonionic head group (EO chain), and a higher 
temperature is required to observe the cloud point. For a surfactant solution 
having a pH value less than 7, a linear increase in the cloud point temperature 
was observed. However for pH's greater than 7, and at a constant salinity, the 
effect of pH on the cloud point temperature becomes moderate as shown in 
Figure 7.11. For ethoxylated sulfonates, Celik et al. [31] have found that the 
cloud point temperature increases with increasing the number of oxyethylene 
units and decreases with increasing of salinity. 
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Figure 7.11: Effect of salinity and pH on the cloud point temperature for surfactant 
1ý 

AEC+E07. 

The effect of salinity on the cloud point at constant pH can be divided into two regions. 

The slope of the line passing through the points having electrolyte concentration less 

than 20 gm/dl is higher than the one having electrolyte concentration greater than 20 

gm/dl. It is also interesting to note that the influence of pH on the cloud point 

temperature is similar to that of surface and interfacial tensions. 

7.2.6 Effect of pH on Surface Tensions 

For the surfactant in acid form in aqueous solution, the micelles formed are 

neutral aggregates, and micellisation occurs at the same concentration as with the 

nonionic surfactants [ 19]. However, increasing the pH of the acid solution will increase 

AEC+E07 =I gm/dl 
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the degree of ionisation thereby making the surfactant more hydrophilic [32]. The 
micelles formed under these conditions are aggregates of ionised head groups and 
critical aggregation occurs at concentrations higher than that for unionised surfactant as 
shown in the Figure 7.4. Therefore, the surface or interfacial tension (see Chapter 8) is 
generally lowest at an acidic pH and gradually increases with an increase of ionisation 
of the carboxylic head group as shown in Figure 7.12. Increasing the EO units in the 
surfactant molecules enhances the effect of the degree of ionisation, and hence the 
surfactant molecules become more hydrophilic. Therefore, the surface and interfacial 
tensions will increase with increasing the number of EO units in the surfactant 
molecule. 
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Figure 7.12: Influence of pH on surface tension of ether carboxylic acid surfactants. 

7.3 SUMMARY 

For commercial surfactants, alkyl ether carboxylic acids, containing an average 

oxyethylene units of 2.5,4, and 7, the stoichiometric curves illustrate that pKa values of 

the acid solutions decrease and CMCs increases with increasing the number of ethylene 

oxide units in the surfactant molecule. The reduction in pKa values and hence in the 

degree of ionisation as a function of pH shows that surfactant acidity increases with 

increasing the number of EO units. It has been found that the aggregate size decreases 

with increasing pH upto 5 thereafter it increases (however the micelle size increases 

with increasing pH) and decreases with increasing temperature. The effect of adding 
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sodium chloride to the system is somewhat complex when the solution contains both 
ionised and unionised surfactant. It is found that depending on the value of pH, the 
aggregate size first decreases to a certain concentration and then increases with 
increasing the electrolyte (NaCl) concentration. The change in oxyethylene units in the 
surfactant molecules has no significant effect on aggregation if the difference in the 
number EO units is very small. Like ethoxylated nonionic surfactants, ether carboxylic 
acid surfactants also exhibit the cloud point temperatme. However, it is found that for 

ether carboxylic surfactants, the cloud point measurements depend on the pH and the 

number of ethylene oxide units in the molecule. It is noticed that for the surfactant 
having the number of ethylene oxide units less than 4, the visual observation of the 

cloud point is found to be difficult. It is also found that increasing the pH and the 

number of ethylene oxide units in the surfactant molecule both increases the cloud point 
temperature. It is also found that the surface (Figure 7.11) and interfacial tensions 
(Figure 8.20) increase with an increase of pH. 
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Chapter 8 

D 7. 

-1hase 
Behaviour ofpH-Dependant Microemulsions Prepared 

Using Alkyl ether Carboxylic Acid Surfactants at High 
Temperatures and High Salinities 

8.1 INTRODUCTION 

Low interfacial tension, high solubilisation and acceptable i. e. low adsorption 
are considered to be the important design parameters in optimising microemulsion 
systems for efficient recovery of trapped oil from petroleum reservoirs [1-2]. Reed and 
Healy [3] established a correlation between the solubilisation parameters and interfacial 

tension. A similar relationship between the optimum solubilisation parameter and 
interfacial tension has been empirically established by Huh [4-5]. It has been established 
that the interfacial tensions required to mobilise an oil ganglia and to obtain sufficient 

oil recovery fall in the rangeof 10-2 to 10-4mN/m [6-10]. Evidence exists which shows 
[1-10] that the best conditions to generate such a low interfacial tension occurs when a 

carefully design surfactant rich phase (Winsor's type-III) exists in equilibrium with 

excess oil and water phases. The optimum middle phase, as defined by Huh [4] and 
Schechter et al. [11], is the one in which equal volumes of oil and water are solubilised. 
For anionic surfactants, the optimum middle phase microemulsion can be obtained as a 
function of salinity and the salinity at which equal volumes of oil and water are 

solubilised in the middle phase is referred to as the "optimum salinity" [3]. For 

ethoxylated nonionic surfactants, the optimum middle phase microemulsion is achieved 

either by varying the degree of ethoxylation, or by changing the temperature [I 1- 15]. 
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Many oil reservoirs targeted for surfactant flooding contain a medium to high salinity 
brine especially in the North Sea [16]. In conventional micellar flooding, petroleum 
sulfonates are commonly used as a primary surfactant. These surfactants have the 
capability of producing ultralow interfacial tensions with high solubilisation at low 

electrolyte concentrations. Previously, ethoxylated petroleum sulfonates were used in 

order to overcome the high salinity problems [17-18]. However, these surfactants are 
expensive, unavailable on a commercial basis and some exhibit hydrolytic 
decomposition at medium to high temperatures [ 19-20]. Therefore, the aim of this work 
is to look for the surfactants which are not only commercially available but also can 
sustain microemulsion at high temperatures and high salinity without decomposition 

and show a good recovery capability for improved oil recovery processes. 

As primary surfactants, alkyl polyether carboxylated surfactants have exhibited 

moderate potential for use in enhanced oil recovery processes [21-22]. These surfactants 
have received much attention because of their chemical and thermal stability, a good 
tolerance to mono and divalent ions, and low losses in the medium through retention in 

the pores of the reservoir rocks [20,23-24]. The other major advantage in using ether 

carboxylates is that the oil recovered by using these surfactants are free of emulsion 
[25]. At low degrees of ethoxylation, these surfactants have demonstrated the 

formulation of microemulsion in the absence of cosurfactants [22,26]. It has been shown 

recently that the surfactant species containing the phenyl groups in their hydrophobic 

group are envirom-nentally hazardous [271. Unfortunately, in the past the most 
frequently investigated ethoxylated carboxylated surfactants contain phenols in their 

alkyl chains [16-17,20-21,24-25,28-31]. 

In this work, a homologous series of commercially available surfactants, alkyl ether 

carboxylic acids, containing a mixture Of C13 to C15 as the alkyl chain with different 

number of ethylene oxide units in the surfactant molecules have been investigated. It 

has been shown [26] that these surfactants are very sensitive to pH and that the 

hydrophilicity of the surfactant increases both increasing ionisation of the carboxylic 

head group and the number of ethylene oxide units in the molecule. The critical micelle 

concentration is higher for the surfactants in salt-form than in the acid-form. The 

surfactant micelles formed in the acid aqueous solution are smaller than for the salts. 

Since the optimum solubilisation depends on micelle size, it is expected that the 

optimum solubilisation could be adjusted either by varying the pH or the number of 

ethylene oxide units in the molecule. The purpose of this chapter is to investigate the 

effect of several system variables such as pH, surfactant structure, temperature, salinity, 

type and concentration of alcohols, water-to-oil ratio (WOR), solubilisation parameters, 
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and interfacial tensions on the phase behaviour of alkyl ether carboxylic acid surfactants 
having 2.5,4,7 ethylene oxide units. 

8.2 RESULTS AND DISCUSSION 

8.2.1 Phase Behaviour of AUcyl Ether Carboxylic Acid as a Nonionic Surfactant 

Typical phase behaviour is plotted by varying temperature versus alkane carbon 
number (ACN) for surfactant AEC+E07 without ionising the carboxylic head group and 
is shown in the Figure 8.1. The locations of the lower (LPB), the upper (UPB) and the 
optimum (OPB) phase boundaries are obtained by varying the temperature for each 
hydrocarbon studied. Winsor type-III phase equilibria exists within the area between the 
two solid lines. To the upper left and lower right sides of the three region are two-phase 
w/o and o/w microemulsion systems, respectively. The optimum temperature (T*), 
depicted by the dashed lines, is shown to be linearly related to alkane carbon number 
(ACN) and is located at the centre of the three phase region. The slope of the optimum 
temperature boundary is 
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Figure 8.1: Phase behaviour mapped by varying temperature and alkane carbon number (ACN) 

for surfactant AEC+E07 using in an acid form (pH=3-4). 
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The three-phase region, narrow at low ACN and low temperature, gradually broadens as 
the alkane carbon number and temperature are increased. These variations are similar to 
that observed with non-ionic surfactants [14-15]. Because of the well documented 
decrease of solubility of non-ionic surfactants in aqueous solutions at elevated 
temperature, the phase transitions occur in the sequence Type-I=> Type-III => Type-11 

when the system temperature is raised. The phase transition temperature is clearly 
dependent on the oil chain. The longer the oil chain, the less the penetration into the 

micelles, and hence the solubilisation of the middle phase microemulsion will be 

smaller. As a result of this, the three phase region expands with increasing ACN. It is 

observed that the three phase region not only depends on ACN and temperature, but also 
depends on the other system variables such as the number of ethylene oxide units in the 

surfactant molecule, type and structure of the lipophilic chain, type and concentration of 

co-surfactant, water-to-oil ratio (WOR), type and concentration of electrolytes etc. For 

example, when the salt concentration of the system studied is increased, the three phase 

regime moves toward lower temperature and hence the optimum temperature boundary 

as shown in the Figure 8.2. Similarly, when EO content of the surfactant increases, its 

solubility in the water increases and the three phase domain moves towards higher 

temperatures (see Figure 8.4). 
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Figure 8.2. The influence of salinity on the optimum phase boundary (OPB) for the 

surfactant AEC+E07 using a an acid (pH = 3-4), with temperature and alkane carbon 

number (ACN). 
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8.2.2 Phase Behaviour of Alkyl Ether Carboxylic Acid as a Combination (Anionic 
and Non-ionic) surfactant 

As already mentioned, surfactants containing carboxylic head groups are weak 
acids and are very sensitive to pH. The functional groups of an alkyl ether carboxylic 
acid (AEC) surfactant are given in Figure 7.3 in Chapter 7. The surfactant in a 
nonionised acid-form and with low ethylene oxide (EO) units in the surfactant molecule, 
is known to be soluble in the organic phase. The dissociation equilibrium can be 

achieved by ionising the carboxylic head group with a strong base such as NaOH, and 
can be illustrated simply by the reaction 

R-O-(CH2CH20)nCOOH <=> R-O-(CH2CH20)nCOO- + H+ 

where COO- is the ionised amphiphilic species and R stands for the alkyl group. An 

increase in the pH will make the surfactant more polar and is expected to yield a phase 
transition Type-11 => Type-III => Type-1. However, if the number of ethylene oxide 

units in the surfactant molecule is quite large (>3), even at very high electrolyte 

concentrations, a large amount of surfactant will remain in the aqueous phase at a 

constant temperature. Thus for such a system, the phase transition can be obtained either 
by increasing the temperature or by the addition of a long chain alcohol as a co- 

surfactant. 

The phase behaviour of a pH dependant ether carboxylic acid surfactant system depends 

on salinity in the same way as in ethoxylated sulfonates [32]. Figure 8.3 shows the three 

phase region mapped by varying salinity (NaCl) and pH of AEC+E02.5 surfactant 

solution at a temperature'of 40 OC. It can be seen from this figure that the optimum 

salinity is affected significantly by the pH of the surfactant solution below a pH value of 

6. This is because the ratio of salt-form to acid-form of the carboxylate head group 

increases with increasing pH, especially at pH values close to the pKa of the acid 

solution. The surfactant being an acid is more soluble in the organic phase, while in a 

salt form it is more soluble in water. The various proportions of the acid in the organic 

phase alters the overall solubility of the surfactant. In Figure 8.3, it can be observed that 

the solubilisation parameter increases with increasing the pH and the optimum salinity. 

This is because an increase in the pH causes an increase in the salt- to acid-form ratio. 

As a result, a higher electrolyte concentration is required in order to optimise the middle 

phase microemulsion. It is observed that an increase in the pH not only broadens the 

three phase regime but also causes an increase in solubilisation parameters to a point 
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where the pH of surfactant solution becomes equal to the pKa value. However, a slight 
decrease in the solubilisation parameter has been observed at high pH values. Abe et al. 
[26] have shown that the solubilisation parameter is almost independent of pH for a 
system having no co-surfactant. But this is not true for the system containing alcohol as 
co-surfactant in the system. 
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Figure 8.3: Effect of pH and salinity on Winsor's Type-III phase equilibria for surfactant 

AEC+E02.5 at a constant temperature of 40 OC. 

8.2.2.1 Effect ofpH and Temperature on Type-III Microemulsions 

A middle phase microemulsion is observed at low to high pH as a function of 

temperature at a constant salinity value for ether carboxylates having ethylene oxide 

units of 4 and 7 as shown in Figure 8.4. This figure also indicates that the three phase 

region moves towards higher temperatures as the EO contents in the surfactant molecule 

and the pH of the surfactant solution are increased. The three phase regime is narrow at 

low pH values and low temperatures, and gradually expands with the increase of the pH 

and temperature. It is also observed that the solubility of oil and water in the middle 

phase microemulsion increases with increasing of pH, especially at pH values close to 

the pKa of the acid. Further addition of NaOH after a pH value of 11, a slight reduction 

in the optimum temperature, or the optimum salinity is observed. It was observed that 

using n-pentanol as a co-surfactant and at a salinity value of 25 gm/dI, the three phase 
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domain for surfactant AEC+E02.5 did not appear in the accessible temperature range as 
shown in the Figure 8.4. 
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Figure 8.4: The effect of pH as a function of temperature on the phase behaviour of 

surfactants AEC+E04 and AEC+E07. 

The R-Theory, described in Chapter 2, may be used to explore the phase transition 

sequence Type-I => Type-III => Type-11 as the basis for understanding the behaviour of 

alkyl ether carboxylic acid (AEC) surfactants. The R-ratio, as defined by equation (2.18) 

in Chapter 2, represents a ratio of cohesive energies [I I]. The numerator of the ratio 

represents the measure of the interaction of the surfactant layer (C) with oil (0) while 

the denominator represents that of the surfactant layer (C) with water (W). The 

proposition considered in the R-Theory is that those changes that tend to increase the R- 

ratio promote the phase transition Type-I => Type-III => Type-11. Adding NaOH, for 

instance, changes the hydrophilic interaction in at least two ways. The cohesive energies 

(ACW-AHH) tend to increase because the proportion of dissociated surfactant increases. 

NaOH is also an electrolyte and its addition will tend to decrease the cohesive energies 

(ACW-AHH). Addition of NaOH, therefore, may promote either transition depending on 

which of two competing tendencies is dominant. Introducing the ethylene oxide units 

between the lipophilic chain and the ionic head group increases the hydrophilic 

interaction, and it is proportional to the number of EO units in the molecule [33]. As a 
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result, this type of surfactant exhibits a high tolerance to electrolytes [18,26]. It is 
observed that for a high content of EO units in the surfactant molecule, the secondary 
effect of addition of NaOH is not dominant. For ethoxylated sulfonates, Carmona [18] 
have found that for a given alkane carbon number (ACN), the optimum salinity does 
increase linearly with EO units. Since hydrophilic interaction for surfactant AEC+E07 
is higher than that of AEC+E04 and AEC+E02.5, the temperature required to achieve 
the three phase region for surfactant AEC+E07 increases accordingly. 

8.2.2.2 Effect of Temperature a ndSalinity on Type-III Micro emulsions 

It is observed that for a particular alkyl group, the middle phase region is larger 
for EO=4 than EO=2.5 and EO=7 at a constant pH range (7-8). However, the three 
phase region is observed at low salinity and low temperature for surfactant with EO=2.5 

and at high temperatures and high salinity for surfactants with EO=4 and EO=7 as 
shown in Figure 8.5. In each case the three phase envelope moves to a lower salinity 
range with increasing of temperature. The optimum salinity (S*) and the optimum 
temperature (T*) are inversely proportional to one other. The optimum salinity (S*) is 
lower for the surfactant with a lower EO content and moves towards higher values as 
the number of EO units increases in the surfactant molecules at a constant temperature. 
However, the effect of EO units on the optimum salinity is more pronounced for the 

surfactant having EO content less than 4 as shown in the Figure 8.5. The explanation of 
the effects of temperature and salinity on the solubilisation for combination surfactants 
is complex. However, these effects can be explained to a certain extent using the R- 

theory. 

For ethoxylated nonionic surfactants, an increase in the temperature yields a decrease in 

the interaction energies between the nonpolar moieties, ALL of the surfactant and thus 

contribute to an increase in the R-ratio. It is also expected that there will be a decrease in 

the interaction energies of the surfactant head groups, AHH. However the main 

contribution in the interaction energies Acw is due to the interaction between the 

polyoxyethylene chain and water which is commonly attributed to the formation of 
hydrogen bonds between the ether oxygen atoms and water. An increase in temperature 

will tend to disrupt these hydrogen bonds and thus reduce the interaction forces Acw. 

As a result, there is an increase in the R-ratio. Since the surfactants under study contain 

an oxyethylene chain as a nonionic surfactant species, Figure 8.5 shows that on 

increasing the temperature, the phase transition Type-I => Type-III => Type-11 is lowers 

for each surfactant system studied. 

237 



Phase Behm, iour ofpH Dependent Microemulsions Chapter 8 

30 

28 

26 

24 

22 

20 

18 

16 

14 

12 

10 

Temperature ( OC ) 
0 
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microemulsion) of alkyl ether carboxylic acids at a constant pH range (7-8). 

Since these surfactants also contain carboxylate (COO-) groups as an ionic head group, a 
reverse behaviour is also expected. For ionic hydrophiles, an increase in the temperature 

will cause an increase in AHH (less negative) and thus contribute with ALL, to an 
increase the R-ratio. However, an opposing effect arises due to the dissociation of 
counterions from the hydrophilic side of the surfactant C layer. This results in an 
increased Acjý, and thus in a decreased the R-ratio. The overall effects of temperature on 
the denominator and numerator of the R-ratio compensate each other. The net result of 
temperature increase would be small for ionic surfactants and produce a phase transition 
Type-11 => Type-III =>Type-1. For combination surfactants (an anionic surfactant that 

contains oxyethylene oxide units as a nonionic part), the net result of temperature 
depends on the relative concentration of ionic and nonionic surfactant in the mixture and 

on the polyoxyethylene chain as shown in Figures 8.5 and 8.6. 

Figure 8.6 shows the optimum salinity as a function of the number of ethylene oxide 
(EON) units in the surfactant molecule. Increasing the number of ethylene oxide units 

requires a higher salinity scan to re-optimise the three phase region. It can also be seen 

that the effect of the polyoxyethylene chain on the optimum salinity is higher at low EO 

units and the effect becomes moderate at higher EO units. Increasing the temperature 

dehydrates the polyoxyethylene chain and the system is optimised at the lower salinity 

values. it is interesting to note that for a particular hydrophobic group with a fixed 
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number of EO units, a linear relationship between the temperature and the optimum 
salinity is observed. However, the effect of temperature on the optimum salinity is lower 
for a surfactant with lower number of EO units than those with a larger number of EO 
units. This may be due to reason that the number of water molecules attached to 
polyoxyethylene chain are lower and it dehydrates more slowly than those having large 
EO units [33]. 

30 

28 

26 

, 24 
Ell ý-ol >, 22 

20 

18 

16 

14 

12 

10 

AEC+EOx=3 gm/dl 
Isobutanol 3 gm/dl 
pH = 7-8 

.................. 
WOR=l 

n-Octane 

60 'C 

70 'C 

80 'C 

90 oc 

0234 

Ethylene Oxide Number (EON) 

Figure 8.6: Effect of number of ethylene oxide (EON) units on optimum salinity (S*) with 

temperature for alkyl ether carboxylates (AEC). 

The effect of increasing the salinity on the optimum phase boundary can also be 

explained in terms of the R-ratio theory. For surfactants with an ionic head group, the 

cohesive energy AHH, changes significantly upon the addition of electrolytes. This term 

is related to the free energy associated with formation of the electrical double layer 

surrounding the micelles. Increasing the electrolyte concentration favours the formation 

of an uncharged layer around the micelles which results in a reduction of the charge per 

unit area and a decrease in Acw. It is also found that addition of counterions also affects 

the interaction of the head groups of the surfactant molecules AHH. Hence as a 

consequence, the addition of electrolyte to the system tends to decrease the denominator 

of the R-ratio through both ACW and AHHand promotes the phase transition sequence 

Type-I => Type-III => Type-II. 
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8.2-2.3 Effect ofDivalent Ions 

Chapter 8 

Figure 8.7 shows a pH dependent phase behaviour of ether carboxylic acid 
surfactant having 4 moles of ethylene oxide units as a function of temperature and 
contains 25 gm/dI calcium ions in the aqueous phase. At low temperature, the surfactant 
is soluble in the aqueous phase, however, the solubility of the surfactant in the aqueous 
phase decreases with temperature and it partially partitions into the oil phase. With 
further increase in temperature, a three phase region appears at low to high pH. The 
three phase envelope was observed over a wider temperature range at low pH than at 
high pH values. For ethoxylated non-ionic surfactants, the sodium chloride has a 
somewhat larger effect than calcium chloride [13]. Since the surfactant as an acid, 
retains the best properties of nonionic surfactant, the three phase domain observed at 
low pH has a wider temperature range. With increasing of pH, the carboxylic head 

group ionises and the surfactant molecules behave as a combination surfactant (that is it 
behaves as an anionic as well as a nonionic surfactant). The relative tolerance of the 
surfactant molecules reduces and the transition from type-I =>Type-III => Type-11 

occurs over a smaller salinity range. However, the existence of a small EO chain in the 

surfactant molecules increases the solubility in the water and such molecules show high 

electrolyte tolerance without affecting the surface activity. 
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Figure 8.7: Phase behaviour of surfactant AEC+E04 as a function of pH and temperature in 

brine (25 gm/dl of Ca2+ ) and octane system. 
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The literature indicates [35,37] that anionic surfactants are very sensitive to electrolytes, 
especially to multivalent ions. These surfactants exhibit very strong surface activity and 
are suitable for microemulsion formulations at low salinities (1 % NaCl with about 100- 
200 pprn Ca2+ and Mg2+ only). Without a polyoxyethylene chain with sufficient 
dispersing power, the solubility of the surfactants becomes extremely sensitive in high 
salinity systems (15-25 % NaCl, 20,000-40,000 ppm Ca2+ and Mg2+) [36]. Even in the 
presence of polyoxyethylene chain, the electrolyte concentration of the aqueous solution 
can significantly lower the cloud point and hence can cause a decrease in the solubility, 
increased adsorption on the rock surface and cause a partial partitioning of the surfactant 
into the oil phase P6]. It has been investigated [21,23,36,38] that the surfactants 
containing an anionic group at the end of the polyoxyethylene chain show a good 
chemical stability, good tolerance for divalent cations, and moderate adsorption onto the 

reservoir rocks. Even with a small degradation with temperature but independent of salt 
concentration, Baviere et al. [20] recommended alpha-olefin sulfonates and ethoxylated 
sulfonates for micellar flooding considering an appropriate reservoir temperature. Alkyl 

ether carboxylate surfactants are proven to be highly salt tolerant with a good thermal 

stability. At low temperature, they are water-soluble and have been recommended for 

micellar flooding in extremely saline reservoirs, particularly for German reservoir 
conditions [21,23,3 6]. Chiu and his colleague [2 8-3 1] have done a detailed investigation 

of this surfactant species over the last few years. He has shown by using light scattering 
techniques that these surfactants are capable of generating the ultralow interfacial 

tension [28-29], and considerable solubilisation [30] in the presence of extremely high 

calcium ion concentration when the micellar size is around 100 rim. 

8.2.2.4 Effect of Cosurfactants 

Alcohols are short chain amphiphile molecules, commonly termed as co- 

surfactants [3,39-40] which are used in conjunction with surfactants to promote 
isotropic behaviour. The importance of alcohols for optimising the isotropic 

microemulsion has long been recognised. They are commonly added to the anionic 

surfactant formulations to adjust the optimum salinity [41]. Co-surfactants are used in 

the microemulsion formulations for two main reasons: (1) to reduce the viscosity or to 

eliminate the liquid crystalline phase in the surfactant solutions both with oil or without 

oil; (2) to shift the optimum salinity by making the films at the drops of microemulsion 

hydrophilic, or lipophilic [37,42]. In the investigations of the phase behaviour of ether 

carboxylic acid surfactants, it did not prove possible to set up a distinct three-phase 

equilibria without introducing an alcohol. 
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Since alkyl ether carboxylate surfactants with high number of ethylene oxide units are 
initially water soluble and increasing the pH makes the surfactant more hydrophilic, it 
required a higher temperature in order to attain the optimum phase boundary. Starting 
with isobutanol, there is an increase in the interaction with oil, and a small concentration 
of alcohol is adsorbed at the interface which is compensated by decreasing the 
temperature as compared to that without alcohol. Figure 8.8 shows the optimum phase 
boundaries plotted by varying temperature and alcohol (isobutanol) concentration as a 
function of pH for surfactant AEC+E04. It can be seen that for a system at a low 
alcohol concentration, the optimum phase boundary is observed at relatively high 
temperatures. Increasing the alcohol concentration from 2% by vol. to 4% by vol. shifts 
the optimum phase boundary towards lower temperature. It is observed that the three 
phase region widens with increasing alcohol concentration and there is also a decrease 
in the optimum solubilisation parameters. However, the trend in the optimum phase 
boundaries remains unchanged. Increasing the alcohol concentration in the system 
dilutes the surfactant at the interface and as a consequence, the surfactant concentration 
per unit area decreases. As a result, the optimum temperature boundaries are observed at 
lower temperatures with a decrease in the optimum solubilisation as shown in the Figure 
8.8. 
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Abe et aL [26] have shown that for ether carboxylate surfactants, increasing the alcohol 
concentration not only eliminates the liquid crystalline formation but also reduces the 
solubilisation parameter. It is also observed that the solubilisation parameter increases 
with increasing of pH, especially in the pH range close to the pKa value of the 
surfactant solution. It can also be seen that the solubilisation parameters are almost 
independent of pH after the pKa value. A decrease in the optimum temperature 
boundaries and a slight gain in the solubilisation parameters are also observed at high 

pH. This is because at high pH, the excess NaOH concentration, used in increasing tht 
pH, acts as an electrolyte and the optimum phase boundary is observed at lower 
temperatures. This behaviour is also observed for other pH sensitive surfactant systems 
[43]. The surfactant in this study has both an ethoxy nonionic component as well as a 
carboxylate anionic head group in the polar part of the surfactant molecule. Therefore, 
it is expected that the mixed hydrophilic head group has a temperature dependence and 
the surfactant solubility in the aqueous solution is primarily controlled by the ethoxy 
component in the molecule. Increasing the chain length of the alcohol from isobutanol 

to isopentanol, there is an increase in the interaction with oil and relatively less alcohol 
is adsorbed at the interface. As a result of this, there is a decrease in dilution of 

surfactant and this in turn causes a reduction of intensity of the properties such as 
interfacial order, tension lowering and solubilisation [44]. Similarly n-pentanol has a 
higher interaction with the organic phase than that of isobutanol and isopentanol. 

Therefore the optimum solubilisation parameters for n-pentanol are higher than those 

of isobutanol and isopentanol. 

This behaviour of alcohols is further confirmed in Figure 8.9 which shows the optimum 

temperature boundaries for ether carboxylate surfactant having 4 ethylene oxide units as 

a function of pH and alcohol type. The alcohol concentration (3 % by vol. ) and all other 

system variables are kept constant. Changing the alcohol type from isobutanol to 

isopentanol to n-pentanol, the optimum temperature boundaries as a function of pH is 

displaced from higher temperatures to low temperatures. These curves show that upon 

introducing long chain alcohols, the temperature must be reduced to obtained the 

optimum phase boundaries. However, the solubility parameters (numbers shown above 

the optimum phase boundaries) increase with increasing of the carbon atoms in the alkyl 

chain of the alcohols. 
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The findings shown in Figure 8.9 are in agreement with that concluded by several 
investigators. Benton et al. [45] have shown that for constant surfactant and electrolyte 

concentrations, a phase inversion was observed with the increase of the carbon chain 
length of a homologous series of short-chain n-alcohols. However, the addition of 

relatively long-chain alcohols, for example n-pentanol, cannot produce phase inversion 

at a fixed salinity. Salter [41] mentioned the partitioning of an alcohol between oil and 
brine as a key parameter affecting the optimal salinity. He concluded that the 

hydrophilic alcohols increase the optimal salinity for a given surfactant, while the 

lipophilic alcohols decrease the optimal salinity. Kraft et al. [22] have shown that for 

ethoxylated carboxymethylates surfactants, the phase inversion temperature is higher for 

water soluble alcohols whereas it decreases for those which are more soluble in the 

hydrocarbon. Bourrel and Chambu [46-471 discussed the effect of alcohol on the 

solubilisation in terms of the hydrophilic and lipophilic interaction energies of the 

surfactant and alcohol. They explained the effect of alcohol types on the optimum 

solubilisation for both ionic and nonionic surfactants. Increasing the carbon atoms of the 

alcohols, the interaction energies on the oil side of the interface increase. For anionic 

surfactants, this requires an increase in the interaction on the water side of the interface 
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in order to keep the system optimised which is obtained by lowering the optimum 
salinity. However for nonionic surfactants, the interaction energies between the interface 
and water is obtained by increasing the optimum ethylene oxide number (EON*). 
Bourrel et al. [13] have shown that if isopentanol is added to a nonionic surfactant 
system, the affinity of the surfactant increases towards the oil and this must be 
compensated by increasing ethylene oxide number (EON) to maintain the optimum 
phase equilibria. Lysenko et al. [25] observed that for ethoxylated carboxymethylate 
surfactants, the volume of amyl alcohol added at optimum increases regularly with an 
increase of degree of oxyethylation and carboxymethylation. In fact, it is likely that 
increasing the number of carbon atoms in an alcohol makes it more lipophilic and drives 
it more into the oil phase, allowing the surfactant concentration to increase at the 
interface. However, many investigators [44,47] have found that the interfacial 

membrane is significantly composed of surfactant molecules with relatively few alcohol 
molecules and therefore alcohols beyond n-heptanol are completely soluble in the oil 
phase. 

8.3 Solubilisation 

Figure 8.10 represents the salinity and solubilisation parameters at the optimum 

as a function of temperature and pH for systems equilibrated with octane as the 
hydrocarbon phase. It can be seen that the salinity requirement for the formation of the 

optimum middle phase microemulsion and solubilisation parameter (the numbers shown 

above symbols) increases with pH and decreases with temperature. Previous studies on 
the phase behaviour of anionic surfactants reveal that the optimum salinity increases 

with increasing temperature due to the enhanced water solubility of the these surfactants 

at elevated temperatures [51-52]. It is also known that for ethoxylated nonionic 

surfactants, the temperature coefficient as a function of salinity is negative [13,15,48- 

50]. The surfactants in the current study possess both an ethoxy nonionic component as 

well as a carboxylate anionic head group. From the results illustrated in Figure 8.10, it 

can be concluded that the combination of two different types of head groups has a 

temperature dependence mainly controlled by the ethoxy chain of the nonionic species. 

As can be seen from Figure 8.10 at low pH, most of the surfactant in the solution is 

unionised and this behaves as a nonionic surfactant. Due to the small number of 

ethylene oxide units in the molecule, the surfactant has a very low solubility in the 

aqueous phase. As a result of this, most of the surfactant is partitioned into the organic 

phase when it is equilibrated with aqueous solution at a constant temperature. It can be 

seen from Figure 8.10 that the optimum salinity is affected significantly by the pH of 
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the surfactant solution, especially for pH close to the pKa value of the acid. Since at low 
pH, the concentration of surfactant in the salt-form is less (i. e. an anionic surfactant) a 
low level of salinity is required to form the Type-III microemulsions. As the ratio of 
salt-form to acid-form increases, most of surfactant in the solution becomes ionised and 
amount of salt required to form the middle phase microemulsion increases as shown in 
Figure 8.11. 
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Figure 8.11 shows that for a particular salinity value of 25 gm/dI, the temperature 

required to form an optimum middle phase microemulsion, increases with increasing of 

pH and the number of ethylene oxide units in the surfactant molecule. At low pH and 
low temperature, the surfactant demonstrates low solubility in the aqueous phase. The 

surfactant AEC+E02.5 in acid form is insoluble in aqueous phase whereas the surfactant 

AEC+E04 is dispersible and surfactant AEC+E07 is water soluble at the room 

temperature. As can be seen Erom Figure 8.11 the aqueous solubility of surfactant 

increases with increasing of pH and hence the temperature required to form an optimum 

middle phase microemulsion increases accordingly. Figure 8.11 depicts that for a fixed 

pH value, the optimum temperature is low for surfactant with lower EO units and 

increases with increasing the number of ethylene oxide units. For each surfactant system, 

there is a certain pH value after which the temperature required to form the optimum 
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middle phase microemulsion becomes very low. This pH is a function of pKa values of 
each surfactant system. It is also expected that at high pH values, the addition of excess 
NaOH acts as an electrolyte, and the optimum temperature decreases with an increase of 
optirnum solubilisation parameter. 
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Figure 8.11: The effect of pH and the number of ethylene oxide units on the optimum 

temperature and the optimum solubilisation parameters for surfactants AEC+E02.5, 

AEC+E04, and AEC+E07 at a constant salinity of 25 gm/dl. 

It can seen from Figures -8.10 and 8.11 that the optimum solubilisation parameters are 

also a function of pH and the number of ethylene oxide units in the molecule. Since the 

ether carboxylic acid surfactants are weakly ionised in the aqueous solution at low pH, 

the amount of salt required to form an optimum middle phase microemulsion is low. As 

a consequence of this, the optimum solubilisation parameter obtained is also very low. 

As the pH of the acid surfactant solution increases, the ratio of salt-form to acid-form 
increases and the surfactant becomes more hydrophilic. As a result of this, the 

temperature required to fonn the optimum middle phase microemulsion and the 

optimum solubilisation parameters are increased for each surfactant system. It can also 

be seen from Figure 8.11 that the optimum solubilisation parameters increase with 

increasing of pH to a value after which any increase in pH causes a slight decrease in 

solubilisation parameters (dashed line represents the boundary of maximum 
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solubilisation parameter for each surfactant system). This may be because at this pH, the 
surfactant is completely ionised and behaving as an anionic surfactant. Any excess 
NaOH acts as an electrolyte which in turn lowers the optimum solubilisation parameters 
with increasing temperature. 

.L Va A ewe have seen in Chapter 5, in the case of ethoxylated nonionic surfactants, the 
aqueous solubility of the surfactant depends on the number of ethylene oxide units in the 
molecule. The cloud point temperature increases with increasing the number of ethylene 
oxide units. Similarly increasing the pH of the acid surfactant solution ionises the 
carboxylic acid head group, thereby increases its solubility in aqueous solution. This 
behaviour is quite clear from Figure 8.11 which shows that the optimum temperature and 
solubilisation are dependent on the number of ethylene oxide units and pH of the 

solution. It can be seen from Figure 8.11 that the optimum solubilisation parameters are 
lower at low pH for each surfactant system and their values are affected significantly by 

the pH of the surfactant solutions below the pH indicated by the dashed line. Figure 8.11 
illustrates that for surfactants AEC+E02.5 and AEC+E07, the optimum solubilisation 
parameters have almost same values as a function of pH increase. However, the optimum 
solubilisation values are lower for surfactant AEC+E04 as a function of pH and 
temperature. This is because the surfactant AEC+E04 has a higher acid concentration 
than AEC+E02.5 and AEC+E07 as clearly illustrated by the neutral point in Figure 7.1 

(Chapter 7). It is presumed that the effect of same salt concentration on the temperature 

and hence on the optimum solubilisation parameters is higher for the system which 

contain higher concentration of anions. 

Figure 8.8 shows the effect of isobutanol and pH on the optimum temperatures and 

solubilisation parameters. It can be seen that increasing the pH of surfactant solution 
increases the hydrophilicity of the surfactant and hence the temperature required to 

optimise the middle phase microemulsions is increased. Figure 8.8 also illustrates that 

the optimum solubilisation increases with increasing pH, especially at pH values close 

to the pKa value of the acid. It is observed that there is no significant change in the 

optimum temperature and hence the optimum solubilisation parameters for the pH 

values of 8-9. However, addition of NaOIJ in the surfactant solution to increase pH of 

the solution beyond pH 10, the optimum temperature decreases and consequently a 

slight increase in the optimum solubilisation parameter is observed. This is because at a 

pH value of 10, all the acid in the solution is completely ionised and any excess NaOH 

added to increase the pR of solution acts as an electrolyte. As a consequence of this, the 

temperature required to optimise the middle phase microemulsion decreases and the 

solubilisation increases. 
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As mentioned above, the addition of the short chain alcohols have a little or no 
influence in changing the polarity and hence the partitioning of the surfactants. They are 
normally used to overcome the formation of liquid crystals and to enhance the 
equilibrium process. Since isobutanol has a relatively low solubility in the aqueous 
phase compared to the organic phase, increasing the concentration of isobutanol in the 
system, not only dilutes the surfactant concentration at the interface but also changes the 
partitioning of the surfactant from aqueous to organic phase. As a result of this, the 
volumes of oil and water solubilised in the middle phase at optimum decreases. 

A similar effect can be seen in Figure 8.9 which shows that the optimum solubilisation 
parameter increases when the alkyl chain length of the alcohol is increased. Figure 8.9 

shows that for a constant alcohol concentration, the optimum solubilisation parameters 

are higher for n-pentanol than isobutanol and isopentanol. Increasing the alkyl chain 
length of the alcohol from isobutanol to isopentanol, there is an increase in the 
interaction with oil molecules and consequently a relatively less amount of alcohol is 

adsorbed at the oil/water interface. As a result, there is a lesser dilution of surfactant at 
the interface than isobutanol and an increase in the optimum solubilisation is observed. 
Similarly, n-pentanol has a higher interaction with oil molecules than that of isobutanol 

and isopentanol. The optimum solubilisation parameters are therefore, higher for the 

systems containing n-pentanol than those containing isobutanol and isopentanol. 

8.4 Phase Volumes 

The effectiveness of the surfactants in solubilising oil and water into the middle 

phase microemulsion has been studied frequently by determining the phase volumes 
[53]. It permits one to visUalise the evolution of the interfaces that appear when one of 

the system variables is systematically changed. The change in phase volumes depends 

on the formulation variable which is used to promote the phase transition Type-I => 

Type-III => Type-111. For a typical phase volume representation, the volume fraction of 

aqueous (lower phase microemulsion), micellar (middle phase microemulsion), and oil 

phases (upper phase microemulsion), respectively, are plotted against one of the system 

variables while keeping all other system parameters constant. In Figures 8.12 to 8.16, 

the phase behaviour was studied by plotting the phase volumes as a function of one of 

the system variables. Figure 8.12 shows a comparison between the change in phase 

volumes as a function of salinity for ether carboxylate surfactants having the number of 

ethylene oxide units as 2.5,4, and 7 respectively along the cross-sectional lines shown 

in Figure 8.5 at a constant temperature of 75 "C. One can see from Figure 8.5 that at a 
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temperature of 75 OC, each surfactant studied exhibits the three phase region. As can be 
seen from the Figure 8.12 that there is a remarkable difference in the existence of the 
three phase microemulsion (Type-III phase). It can be seen that all the three surfactants 
are sensitive to salinity giving a three phase region over a small salinity range. The 

phase transformation is observed at relatively low salinity for the surfactant having 

small EO (2.5) units in the molecule whereas the surfactant having largest EO (7) units, 
the phase transition occurs at higher salinity values. A likely explanation of this 
behaviour is that the solubility of the surfactant increases with increasing EO units in 

the molecule and relatively a higher salinity is required to reduce the aqueous solubility 
of the surfactant having larger EO chain. Increasing the EO chain in the surfactant 
molecules make it more like a nonionic surfactant and as already mentioned, the salt 
tolerance of the nonionic surfactants is higher than the anionic surfactants. However, no 

significant difference in the volume fraction of the middle phase region as a function of 
EO units has been observed as shown in Figure 8.12. 
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Figure 8.13 illustrates the volume fraction verses salinity scan as a function of pH for 

surfactant AEC+E02.5 at a constant temperature of 40 OC. The optimum salinity 
increases when the pH is increased from acid-form to salt-form of the surfactant 
solution. At a low pH, the ratio of salt-form to acid-form is low which causes a very 
small concentration of surfactant to be surface active as a function of salinity. As a 
result of this, the three phase region occurs at low salinity values. As the pH of acid 
solution is increased, the carboxylic acid head group of the surfactant molecule ionises 

thereby increases the ratio of salt-form to acid-form. This will increase the interaction of 
the carboxylate head group with water molecules and consequently the solubility of the 

surfactant in the water is increased. Since less concentration of the surfactant occupy the 
interface at the low pH values, the three phase region observed is also small. As can be 

seen from Figure 8.13 the three phase domain not only moves towards higher salinity 

values but also it expands over a larger volume fraction at higher pH, especially for pH 

values close to the pKa value of the acid. It is also observed that for pH in the range of 
6 to 9, there is no significant change in the optimal salinity values. 

As evident from Figure 8.14, for a constant electrolyte concentration, the surfactant 
AEC+E04 exhibits a considerable difference with regard to temperature and pH. At a 
low pH value of 5.14 and low temperature, the surfactant is soluble In the aqueous phase 
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at an electrolyte (NaCl) concentration of 25 gm/dl. When the system temperature is 
raised,, the interaction between the surfactant and water molecules decreases and when 
the temperature reaches to a certain value,, the interaction forces between the brine and 
oil phases become equal or close to equal, and as a result, the middle phase 
microemulsion is formed. This is because, at low pH values, most of the unionised 
surfactant retains the common properties of a nonionic surfactant. Due to the small EO 
chain, the surfactant exhibits the lipophilic character and partitions into the oil phase 
even at a low temperature. However, it is presumed that the fraction of the surfactant 
which possesses the ionised carboxylate head group and having an EO chain in the 
molecule, change their interaction as a function of salinity and temperature. As can be 

seen from Figure 8.14, increasing the pH of the acid solution makes the surfactant more 
hydrophilic which in turn needs a higher temperature to exhibit phase transition. The 

optimum solubilisation parameters indicate that at low pH and low temperature, both 

the ionised and unionised surfactant molecules occupy the interface and it is observed 
that the three phase domain and the solubilisation parameters increase with increasing 

pH, especially at pH values close to the pKa value of the acid. However, it is observed 
that an increase in the pH and/or temperature has no significant affect on the optimum 

solubilisation parameters for pH values in the range of 8-9. 
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It is presumed that the poor conversion of nonionic ethoxylated alcohol surfactant into 
the one having ethoxylated carboxylate anionic head group still retains the 

characteristics of nonionic surfactants. However, the overall composition of the 

surfactant mixture at high pH values indicates that the carboxylate ionic head group 
participates in the microemulsion formation and causes a resistance to the temperature 

increase. It can be seen form Figure 8.15 that the three phase region can be optim. sed at 
a high pH when the temperature of the system is increased. 

As we have seen from Figure 8.9, for a constant alcohol concentration, the short chain 

alcohol has a lesser effect on the optimum temperature phase boundary than for longer 

chain alcohols. However, the phase transition Type-I => Type-III => Type-11 can be 

observed if the concentration of the short chain, such as isobutanol 
, is increased. Figure 

8.16 shows that increasing the concentration of isobutanol from 2% by vol. to 6% by 

volume, makes the three phase region thinner and widens it over a higher pH range 

thereby shifting towards higher pH values. This finding is consistent with that observed 
by Holmberg and Osterberg [22]. They have shown that for ethoxylated 

methy1carboxylate surfactants, a phase transition occurs when concentratioll of 
isobutanol is increased. A decrease in the solubilisation parameter has also been 

observed with the increase of alcohol concentration. This is further confirmed by Chou 

et al. [17] who studied the effect of n-alcohols on the phase behaviour of ether 
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carboxylate. They found that increasing the concentration of alcohols could affect the 
optimal salinity values. They observed that increasing the alcohol chain length and 
concentration lowers the optimum salinity. However, for ether carboxylate surfactants, 
increasing the concentration of short chain alcohol dilutes the surfactant concentration at 
the interface and consequently lowers the optimum solubilisation capacity whereas it 
increases with increasing the alcohol chain length. This behaviour is somewhat similar 
to that observed for nonionic surfactants (see Chapter 6). 
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8.5 Effect of Water-to-Oil Ratio (WOR) 

The effect of overall water-to-oil ratio and the length of the hydrophilic EO 

chains of the surfactant molecules on the three phase microemulsions were studied as a 
function of temperature. Like other system variables such as temperature, surfactant 

structure and concentration, salinity, solubilisation parameters, and ultralow interfacial 

tension, the effect of water-to-oil ratio (WOR), especially the existence of multiphase 

region, is important to enhanced oil recovery because of the change of WOR as the oil is 

displaced by surfactant slug in the reservoir. The temperature for which a minimum 

interfacial tension and maximum solubilisation in the optimum middle phase 

microemulsion are obtained is defined as the optimum temperature (T*). Figure 8.17 

shows the three phase regions plotted by varying temperature and relative volume 
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fraction of oil and water (water-to-oil ratios) for surfactants AEC+E02.5, AEC+E04, 
and AEC+E07. It can be seen from Figure 8.17 that the three phase regions shift toward 
higher temperature as a function of EO units in the molecule with inýcreasing water-to- 
oil ratio (WOR). Since the surfactants, AEC+E02.5, AEC+E04, and AEC+E07 
possess both the ionic as well as nonionic characteristics, both a change in temperature 
or salinity can effect the phase behaviour. The ionic head group of the surfactant 
molecule shows the electrolyte sensitivity whereas the nonionic head group 
(oxyethylene chain) dehydrates as the temperature is increased. At a low temperature 
and for water-to-oil ratio equal to unity, surfactants are soluble in the lower phase and 
an oil-in-water microemulsion is formed. As the temperature is increased, a three phase 
region appears, indicating that the temperature sensitive oxyethylene chain of the 

surfactant molecule dehydrates and the interactions between the surfactant molecules 
and water decreases whereas its interaction towards the oil phase increases. At a higher 

temperature, a two-phase region exists in which a surfactant rich phase is in equilibrium 
with an excess water phase. It can be seen that the appearance of three phase regions as 
a function of temperature depends on the number of EO units in the molecule; higher 

the EO chain in the surfactant, the higher the temperature required to map the three 

phase region. 
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Similarly, for each surfactant system at a constant temperature, increasing the water-to- 
oil ratio promotes a Type-l=>Type-III=>Type-II transition. For the surfactant 
AEC+E07, at a sufficiently low water-to-oil ratio, a single phase microemulsion is 
observed which disappears with either increasing the temperature or oil content in the 
system. The literature suggests that the effect of overall water-to-oil ratio on the phase 
behaviour of microemulsions, particularly on the optimum salinity, can be understood in 
the term of partitioning of a surfactant or a co-surfactant [3,54]. For example, if the 
concentration of the surfactant decreases by dilution, the optimum conditions changes 
depending on the type and concentration of co-surfactant. Since the surfactant 
AEC+E07 has a longer EO chain than AEC+E04 and AEC+E02.5, it is expected that 
its sensitivity to temperature would be higher. Figure 8.17 also shows that for surfactant 
AEC+E07, the three phase domain appears at a higher temperature as a function of 
relative-volume-fraction and that the three phase domain vanishes at a much lower 

temperature than that of AEC+E04 and AEC+E02.5. It seems that the surfactant with 
longer EO chains not only shows a higher partitioning into the aqueous phase at lower 

temperature but also exhibits a higher salt tolerance capability as shown in Figure 8.5. 
The behaviour of two short-chain ether carboxylated surfactants, AEC+E04 and 
AEC+E02.5, indicate that at a constant electrolyte concentration, the relative tolerance 
to temperature decreases and surfactant partitioned into the organic phase at lower 

temperature and WOR. However, the temperature stability of the three phase 
microemulsion increases with lowering of the EO content in the molecule and higher 

concentration of the carboxylate ionic head groups (COO-). The titration curves shown 
in Figure 7.1, illustrate that the surfactant AEC+E04 has a relative higher end-point, 
indicating a higher degree of conversion of ethoxylated nonionic surfactant into anionic 

carboxylic head group. The existence of the three phase region for surfactant AEC+E04 

is observed at a relatively higher temperature than that of surfactants AEC+E02.5 (20 

gm/dl) and AEC+E07 (25 gm/dl). 

8.6 Phase Inversion Temperature (PIT) 

Figure 8.18 shows the dependence of the phase inversion temperature (PIT) on 
brine salinity and pH of the surfactant solutions. It can be seen that the PIT decreases 

with increasing salinity and also increases with increasing pH. At relatively low pH, for 

example for a pH of 5.2, the influence of salinity increase on PIT is higher at low 

salinity values and this effect becomes less after a salinity value of 16 gm/dI. This is 

because the ratio of the surfactant in salt-form to the acid-form is lower at this pH and 

the salinity added at the beginning significantly affects the ionic head groups. 
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Figure 8.18: Effect of salinity and pH on the phase inversion temperature (PIT) for the 

systems containing surfactant (AEC+E02.5), co-surfactant (n-Butanol), brine and octane. 
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Figure 8.18 shows that for higher pH's, the PIT moves towards higher temperatures. 
Kxaft and Pusch [24] found a similar behaviour for surfactants of a similar species. 
However, it is observed that the effect of salinity on PIT is not linear. As the pH of the 
surfactant solution increases,, the ratio of the surfactant in salt-form to the acid-form 
increases, and the effect of ionic head group dominates over the change in temperature 
studied. This is why the effect of pH change on the phase inversion temperature is 
insignificant when the pH value becomes greater than 8. It is presumed that at high 
pH's, the line passing through the PIT point as a function of salinity, shifts towards 
lower temperatures. This is because the excess NaOH concentration required to increase 
the pH value will act as an additional electrolyte. 

Figure 8.18 shows that the phase inversion temperature increases significantly upto a pH 
of 6 for a constant salinity value. However, the effect of pH on the phase inversion 
temperature above a pH value of 6 becomes low. At low pH, the solution not only 
contains a fraction of nonionic surfactant without carboxylic head group but also 
contains a fraction of ionised and unionised surfactant with carboxylic head group. At a 
low pH value, therefore, the phase inversion temperature occurs mainly due the 

presence of nonionic surfactant in the solution and is observed at relatively low 

temperatures and at low salinity values. With the increase of ionic and decrease of the 

nonionic moiety in the aqueous surfactant solution, the phase inversion temperature 

shifts towards higher temperature and higher salinity as shown in the Figures 8.18 and 
8.19. As already mentioned for ether carboxylic surfactants, the cloud point decreases 

with increasing salinity and increases with increasing pH (see Chapter 7). The effect of 

salinity on the cloud point is higher for concentrations less --20 gm/dl and the effect 
becomes moderate after this concentration. Similar behaviour is observed for phase 
inversion temperature. It is perhaps due to fact that the nonionic surfactants show a 
higher tolerance to electrolytes than the anionic surfactants. At high pH( >8), the 

carboxylic head group is now completely ionised, therefore the effect of pH increase on 
the PIT become insignificant. 

8.7 Ultra-low Interfacial Tensions 

The most important parameter in the design of an enhanced oil recovery system 

employing surfactants is the reduction of the interfacial tension (IFT) at the water/oil 

interface. Low interfacial tensions have been reported for surfactants having carboxylate 

head group with [21,23-24,28] and without intermediate polyether chain [43,55]. In 

Figure 8.20 the interfacial tension between aqueous solution (0.5 gm/dl) of surfactant 

AEC+E02.5 and octane is plotted as a function of pH at a constant temperature of 25 
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"C. It can be seen that the interfacial tension at the oil/water interface increases with pH 
in the absence of electrolyte. At low pH, the surfactant is weakly ionised in aqueous 
solution and retains the common properties of nonionic surfactant. Since the surfactant 
contains a very small number of ethylene oxide units, it has very low solubility in 
aqueous solution. Increasing the pH of the acid-surfactant solution ionises the 
carboxylic head group, thereby augmenting the surfactant solubility in the aqueous 
solution. As a result of this, the interfacial tension at the oil/water interface increases. It 
is also observed that the effect of pH increase on the interfacial tension at the oil/water 
interface is similar to that of the airlwater interface (see Chapter 7). This is in agreement 
with that determined by Van Paassen [56] who has shown that the surface tension rises 
with pH as a function of EO chain length and decreases with the increase alkyl chain 
length of surfactant molecule. It can be seen from Figure 8.20 that the effect of pH 
increase has relatively higher influence on IFT values in the range of pKa value of the 

acid solution. One can note that the increase in IFT becomes relatively moderate once 
the entire concentration of surfactant in the solution is completely ionised. 
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AECA + E02.5 = 0.5 gm/dl 

Temperature = 25 "C 

n-Octane 

lu II 
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Figure 8.20: Interfacial tension between an aqueous solution of an alkyl ether carboxylic acid 

surfactant (AEC+E02.5) and octane hydrocarbon as a function of pH and at a constant 

temperature of 25 T in the absence of NaCl. 

Figure 8.21 shows the interfacial tension between the aqueous solution containing 24 

gm/dI of NaCI at a pH of 8.11 plotted as a function of temperature. Figure 8.21 
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illustrates that increasing the temperature lowers the IFT values and a value of the 
interfacial tension belowl0-3mN/rn is attained only within a very narrow temperature 
range of 52 to 56 OC. One can note from Figure 8.20 that the surfactant with a pH value 
of 8.11 has very high ratio in salt-form to the acid-form in the solution. This indicates an 
increase in the interaction forces between the surfactant head group and water 
molecules. It is well known that for anionic surfactants, increasing the salt concentration 
reduces the interaction between the surfactant head group and water molecules due to 
reduction of the double layer around the micelles. As a result, the surfactant solubility in 

aqueous solution decreases whereas its solubility into the organic phase increases and 
surfactant partitione into the oil phase. However, the literature reveals that for an 
anionic surfactant system equilibrated with an oil phase, the aqueous solubility of the 

surfactant improves with increasing temperature, and a higher salinity is required to 

optimise the middle phase microemulsion responsible for ultra-low interfacial tension 
[571. However, the alkyl ether carboxylated surfactants investigated in this work have 
demonstrated precisely the opposite behaviour in this respect. 
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Figure 8.21: Interfacial tension between an aqueous solution (24 gm/dl NaCI) of an alkyl 

ether carboxylic acid surfactant (AEC+E02.5) and octane hydrocarbon as a function of 

temperature a constant pH value of 8.11. 

Figure 8.21 shows that the alkyl ether carboxylate surfactant (AEC+E02.5) is still 

showing water solubility even though the electrolyte concentration in the solution is 
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high (24 gm/dl). Qutubuddin et aL [43] have shown that surfactants having carboxylate 
head groups demonstrate both sensitivity to change in salinity and pH. A three phase 
region is therefore, observed over a very low salinity range. Since the surfactant 
AEC+E02.5 contains both a carboxylate head group and an oxyethylene chain, it 
presumed that the surfactant is more salt tolerant because of the presence of oxyethylene 
c ain, even though the number of oxyethylene units are very small. 

The presence of a minima in IFT value with temperature is a characteristic of 
ethoxylated nonionic surfactants. On correlation of the minima in IFT values with the 
phase inversion temperature (PIT), one can conclude that the occurrence of the 
minimum interfacial tension depends not only the salinity and pH, but also on the 
temperature. It can be seen from Figure 8.21 that increasing the temperature dehydrates 

the oxyethylene chain and reduces the interaction between the surfactant head group and 
water molecules. Consequently, a hydrophilic-lipophilic balance (HLB) temperature is 

reached where the interactions between the surfactant head groups and water molecules 
balances and an ultra-low interfacial tension is attained. 

0.1 

0.01 

After one hour mixing 

- AECA+E02.5 = 0.1 gm/dI 0 NaCl = 18 gm/dL 
pH =6.3 

NaCl= 20 gm/dL n-Octane 

40 45 so 55 60 

Temperature (0c) 

Figure 8.22: Interfacial tension between aqueous solutions of surfactant AEC+E04 and octane 

as a function of temperature at a constant pH (6.3) and salinities (18 gm/dl and 20 gm/dl). 

Figure 8.22 demonstrates the dependence of interfacial tension between the aqueous 

solution of a constant pH value of 6.3 and octane on salinity and temperature for the 

surfactant AEC+E02.5. It can be seen that for brine having a salinity value of 20 gm/dI, 
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the minima in IFT values occurs at a relatively lower temperature than those having 
lower salinity values (18 gm/dl). Figure 8.22 also illustrates that the minima in IFT for 
systems having a higher salt concentration (20 gm/dl) is lower whereas it is higher for 

systems having a lower salinity (18 gm/dl). It is found that the minima in IFT at 
different pH's can be optimised, either by changing the salinity, or temperature. The IFT 

measurements show that the maximum decrease in low IFT occurs in the region for pH 
range of 6-10 where the maximum solubilisation of oil and water in the middle phase is 

observed (see section 8.2.7). The reason for the higher values of the minima in IFT 

values for the surfactant AEC+E02.5, shown in Figure 8.22, is pr, -, sumably due to the 

short period of surfactant mixing in the aqueous solution. The interfacial tension 

measurements shown in Figures 8.21,8.23 and 8.24 were carried out with aqueous 

solutions after mixing surfactant for more than 12 hours, whilst the data shown in 

Figure 8.22 were obtained after only one hour mixing. 
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Figure 8.23: Interfacial tension between an aqueous solution (28 gm/dl NaCl) of an alkyl ether 

carboxylic acid surfactant (AEC+E04) and octane hydrocarbon as a function of temperature at 

a constant pH value of 6.0. 

As mentioned above, minima in IFT values of an ether carboxylated surfactant depend 

on several parameters such as the number of ethylene oxide units, solution pH, salinity, 

and temperature. Figure 8.23 shows the dependence of low IFT of surfactant AEC+E04 

on temperature for a constant solution pH of 6.0 and salinity value of 28 gm/dl as 
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measured with the spinning drop apparatus. It can be seen that the interfacial tension 
between the aqueous solution and the octane hydrocarbon decreases with increasing 
temperature. A value of the interfacial tension close to 10-3 mN/m is attained at a 
temperature of 60 OC. As compared to the IFT data shown in Figure 8.20 for surfactant 
AEC+E02.5, one can note that the three phase domain is wider in the case of surfactant 
AEC+E04. However, it required higher salinity and lower pH in order to scan low IFT 
value in the temperature range of 20 to 90 OC. 

AEC+E07 = 0.5 gm/dI 
pH = 5.0 
Salinity = 25 gm/dl 
n-Octane 
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0.01 

0.001 
20 30 40 50 60 70 80 90 
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Figure 8.24: Interfacial tension between an aqueous solution (25 gm/dl NaCI) of an alkyl ether 

carboxylic acid surfactant (AEC+E07) and octane hydrocarbon as a function of temperature at 

a constant pH value of 5.0. 

Since the hydrophilicity of an ether carboxylated surfactant depends on the pH and the 

number of ethylene oxide units in the molecule, it required a low pH value, higher 

salinity and temperature to locate the low IFT value for surfactant that contains higher 

numbers of ethylene oxide units in the molecule. Figure 8.24 shows that interfacial 

tension plotted between the aqueous solution of surfactant AEC+E07 and octane 
hydrocarbon as a fimction of temperature. It can be seen that the minimum in the IFT 

value occurs close to a temperature of 60 OC. It is also observed that there is no 

significant difference in the three phase envelope as compared to that obtained for 

surfactant AEC+E04 as shown in Figure 8.23. However, the aqueous solution in the 

case of surfactant AEC+E07 required low pH and low salinity as compared to that of 

surfactants AEC+E02.5 and AEC+E04, to attain minima in IFT values at the same 
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temperature. This is because the surfactant AEC+E07 contains higher number of 
ethylene oxide units in the molecules and it required higher temperature and higher 
salinity or lower pH to attain the low IFT value at the same temperature. 

8.8 SUMMARY 

From the results of this work, it is shown that ether carboxylic acid surfactants 
behave as nonionic surfactants in aqueous solution in a acid-form and as a combination 
surfactant (anionic as well as nonionic) in the ionised-form. The phase behaviour 
studies, investigated using the surfactant as an acid, revealed that a three phase region 
exists when the temperature is changed as a function of alkane carbon number (ACN). It 
has been shown that the shape of three phase envelope is similar to those obtained for 
the pure ethoxylated nonionic surfactants. Like nonionic surfactants, it has been shown 
that the optimum temperature boundary shifts towards lower values as the system 
salinity is increased. 

For ether carboxylic acid surfactants with a particular hydrophobic group(C, 3-, 5), it has 

been shown that the surfactant hydrophilicity can be changed, either by changing the 

pH, or by increasing the number of ethylene oxide units in the molecule. From phase 
behaviour studies of hydrocarbon-water mixtures in the presence of ether carboxylates, 
it is found that at low pH, the carboxylic head group is weakly ionised in the aqueous 

solution and the three phase region formed is similar to that of pure nonionic 

surfactants. It is found that the optimum salinity at a constant temperature, or the 

optimum temperature at a constant salinity, increases with increasing the pH of the 

surfactant solution. It is observed that the existence of the three phase region, as a 
function of salinity, or temperature, depends on the number of ethylene oxide units in 

the molecule. The optimum salinity or the optimum temperature increases with 
increasing the number of ethylene oxide units in the surfactant. It has been seen that for 

ether carboxylates in the salt-form, the three phase region and solubilisation parameters 
depends on the surfactant conversion grade. Phase behaviour studies carried out for each 

surfactant show the temperature dependence, even for a surfactant which contains a very 

small number of ethylene oxide units. This behaviour of ether carboxylated surfactants 
demonstrates the dominant characteristics of ethoxylated nonionic surfactants. 

Like pure anionic and nonionic surfactants, it is found that alcohols affect the phase 

behaviour in a similar way for systems employing the ether carboxylates. Short chain 

alcohols have a lesser influence than the long chain alcohols on the optimum phase 

boundary. For a constant alcohol concentration, the optimum temperature phase 
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boundary as a function pH shift towards lower values as the alkyl chain length of the 
alcohol is increased. It is observed that for ether carboxylic acid surfactant, the optimum 
temperature phase boundary as a function of pH shifts towards lower values as the 
isobutanol concentration is increased. The three phase region widens with increasing 
isobutanol concentration whereas the solubilisation parameter decreases. However, an 
increase in the solubilisation parameters is observed when the alkyl chain length of 
alcohol is increased. This behaviour of ether carboxylates is found to be consistent with 
previous findings [32,56]. 

Phase volume studies were carried out as a function of surfactant type, pH, alcohol 
concentration, and temperature. It is found that for the aqueous solutions of a constant 
pH range (7-8), there is no significant effect on the phase volumes for each surfactant 
studied. However, the salinity for which the three phase regions exist shift towards 
higher values as the number of ethylene oxide units in molecule increases. A slight 
decrease in the phase volume and solubilisation parameters are found in case of 

surfactant AEC+E04. This may be due to a higher conversion to carboxylate of this 

surfactant. It is observed that for a particular number of ethylene oxide units, the phase 
volumes and salinity range, over which a three phase region is optimised, increases with 
increasing pH. Increasing the number of ethylene oxide units in the surfactant molecule 
is mainly used to shift the optimum salinity or the optimum temperature phase 
boundaries towards higher values. It is observed that the pH of the surfactant solutions 
has a significant effect on the phase volume, optimum salinity or optimum temperature 
boundary and solubilisation parameters. It is found that at low pH, the three phase 

region exists over a smaller range of salinity or against lower temperature, and the 

resulting solubilisation parameters are also lower. The solubilisation parameters 
increase with increasing pH of the acid surfactant solution. It is pointed out that a 

maximum in the solubilisation parameters is observed for pH values very close to pKa 

of the acids. It is also observed that for surfactant having a small number of ethylene 

oxide units, the optimum salinity or temperature values shift towards lower values when 

the solution pH values are higher than 11. 

The phase inversion temperature has been investigated as an indicator for the phase 

behaviour of mixture of oil-water-salinity-surfactant with respect to pH of the system. 

The sensitivity of the phase inversion temperature (PIT) to change in salinity and pH 

has demonstrated the suitability of this product under reservoir conditions. Like 

ethoxylated nonionic surfactants, it is found that ether carboxylated surfactants also 

exhibit dehydration with temperature and reduce their solubility in aqueous solution 

with temperature. Phase inversion measurements involving ether carboxylated 
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surfactants indicate a dependency on the pH of the solution. For a surfactant with a 
particular number of ethylene oxide units, the phase inversion temperature as a function 
of salinity increases with increasing pH. It is observed that at a low pH value, the phase 
inversion temperature as a function of salinity decreases rapidly at low salinity values 
(< 16 gm/dl) and this effect becomes moderate at higher salinity values (> 16 gm/dl). 

Like anionic and nonionic surfactants, a minimum in interfacial tension can also be 
achieved with ether carboxylated surfactants. Since ether carboxylic acid surfactants 
contain both the characteristics of anionic and nonionic surfactants, the minima in 
interfacial tension (IFT) depends on several system parameters such as the temperature, 
number of ethylene oxide units, pH, and the salinity of system. It has been shown that 
for a surfactant with a particular number of ethylene oxide units, the minimum in 
interfacial tension can be optimised by changing the temperature for system having a 
constant salinity and pH. The results obtained from a series of ether carboxylic acid 
surfactants show that the ultra-low interfacial tension and considerable solubilisation 
can be achieved. However, the existence of minima in IFT values and the optimum 
solubilisation parameters are sensitive to pH change, temperature, and salinity of the 

system. 
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Chapter 9 

D 1. 
Phase Behaviour ofAnionic Surfactant Blended With 

Ethoxylated Carboxylate Surfactants in OillWater Systems at 
High Salinities and Temperatures 

9.1 INTRODUCTION 

The choice of an appropriate surfactant which matches the ideal situation 
encountered in the chemical flooding of an oil reservoir remains a fundamental step. 
Many oil reservoirs targeted for surfactant flooding are of medium to high salinity and 
temperature. The ability of an anionic surfactant to produce ultra-low interfacial tension, 
high solubilisation and low retention in reservoir rocks is highly sensitive to such 

conditions [1]. The literature contains many examples of ways in which the chemical 

structure of a primary surfactant can be systematically optimised for individual reservoir 

parameters. However, from the perspective of a chemical manufacturer, it is entirely 

uneconomical to develop and produce salt-tailored surfactants for an individual 

reservoir. 

The selection of an optimum surfactant for a particular situation can be made 

considerably more flexible if the mixed surfactant system is adapted to individual 

reservoir conditions. Such a system can be formulated by mixing a highly salt-tolerant 

surfactant with one that exhibits high sensitivity to salinity and more stability to 

temperature. Laboratory results and field test data indicate that the mixed surfactant 

formulations of petroleum sulfonate and ethoxylated sulfonate can improve oil recovery 

as well as increase electrolyte tolerance [2]. Ethoxylated petroleum sulfonates were also 

used as primary surfactants in order to overcome co-surfactant, high salinity and high 

temperature problems [3]. These surfactants are expensive, unavailable on a commercial 
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basis, and some of these have exhibited hydrolytic decomposition at medium to high 
temperatures [4]. 

Currently, ethoxylated carboxylated surfactants have received considerable attention 
because of their chemical and thermal stability, their high tolerance to mono and 
divalent ions, and low losses in the medium through retention in the capillaries of 
reservoir rocks [5,6]. As primary surfactants, alkyl ether carboxylates have been 
investigated in microemulsion formulations in acid as well as salt form at extremely 
high concentrations of sodium ions [7]. Another advantage of these surfactants is their 
reduced tendency to form a secondary emulsion in the recovered oil [8]. At low degrees 
of ethoxylation, alkylphenol carboxylates have demonstrated the formation of 
microemulsions in the absence of co-surfactants [9]. Recent research on the surfactants 
containing the phenyl group in the hydrophobic tail has revealed that they are 
environmentally hazardous [101. Unfortunately, in the past most frequently investigated 

surfactants for EOR processes contain phenols in their alkyl chains [ 11- 19]. 

In this study we have selected a petroleum sodium sulfonate (Petronate HL) with an 

average molecular weight of 486, as a base surfactant and mixed it with alkyl ether 

carboxylate surfactants, AEC+E02.5, AEC+E07 and Marlinate. The surfactants 
AEC+E02.5 and AEC+E07 contain a mixture of straight alkyl chains (C13-C15)with 

2.5 and 7, the average number of ethylene oxide (EO) units in the molecules 

respectively. However, the surfactant Marlinate contains relatively a shorter alkyl chain 
(dodecyl) with 10, ethylene oxide units in the molecule. Phase behaviour studies were 
investigated at various surfactant compositions and as a function of salinity, alkane 

carbon number (ACN), and temperature. The influence of surfactant composition on 
interfacial tensions and solubilisation parameters were also studied and are reported 
here. All the measurements reported in this chapter were performed at pH 7-8. 

Two separate aqueous solutions containing 3 gm/dl (grams/100 millilitres) of petroleum 

sulfonate and alkyl ether carboxylates, AEC+E02.5, AEC+E07, and Marlinate, with 3 

gm/dl of isobutanol as a co-surfactant were prepared. Mixtures of petroleum sulfonate 

and ether carboxylated surfactants were then prepared at a weight fraction of 0.3,0.5 

and 0.7 in certain cases. The mixtures were then stirred using a magnetic stirrer for an 

hour. All systems containing surfactants, alcohol and variable salinities were 

equilibrated with alkanes with a water-to-oil ratio (WOR) of one, in 10 ml graduated 

glass tubes. The tubes were then shaken by hand and allowed to segregate at a constant 

temperature over a period of 3 to 4 days in an oven. The mixtures separated into distinct 
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phases and the phase volumes were recorded as a function of temperature and salinity 
when no further changes in the phase volume were observed. 

9.2 RESULTS AND DISCUSSION 

9.2.1 Phase Behaviour of Pure Petroleum Sulfonate (Petronate HL) 

Figure 9.1 illustrates the typical phase behaviour plotted as in salinity versus 
alkane carbon number (ACN) space for petroleum sulfonate (Petronate HL) at a 
temperature of 30 OC. The locations of the lower (LPB), the upper (UPB), and the 
optimum (central dashed line) phase boundaries were obtained by varying the salinity 
for each hydrocarbon. Winsor Type-III phase equilibria (middle phase microemulsion 
with excess oil and water phases) exists between the upper and lower phase boundaries. 

Above the upper phase boundary Type-11 phase equilibria (w/o microemulsion with 

excess oil phase) occurs whereas below the lower solid line Type-1 (o/w microemulsion 

with excess oil phase) are formed. It can be seen from Figure 9.1 that increasing the 

NaCl concentration in Type-I system first transforms Type-I system into a Type-III 

system, and upon further increase in the concentration the Type-III system inverts to a 
Type-11 system. 

The optimum salinity (S*), illustrated by the dashed line at the centre of the three phase 

region, is shown to be linearly related to alkane carbon number (ACN) at all the 

temperatures and salinity range with an average slope of 

AACN 
= 8.0 

A[NaCI] 
(9.1) 

Figure 9.1 also shows that the three phase region is narrowest at low salinity and small 

ACN, and it widens with increasing ACN and salinity. This behaviour is consistent with 

previous reports on phase behaviour of petroleum sulfonates. [20]. This figure also 

illustrates that the three phase region exists within a salinity rage of 0 to 2 gm/dl even 

the system temperature reaches up to 70 OC. 
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Figure 9.1: Phase behaviour of petroleum sulfonate (Petronate HL) mapped by varying 

salinity as a function of alkane carbon number (ACN) at a constant temperature of 30 T. 
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An increase in the hydrophilicity of the surfactant is also observed when the system 
temperature is raised. This is evident from Figure 9.2. It can be seen that an increase in 
temperature shifts the optimum salinity boundary towards higher values. As compared 
to ethoxylated nonionic surfactants, the effect of temperature on the optimum phase 
boundary for petroleum sulfonate is reversed and much lower (see Chapter 6). However, 
it can be seen that the anionic surfactants (such as Petroleum sulfonates) show higher 
sensitivity to electrolyte concentration and the phase transition sequence is observed 
over a narrow range of salinity. In contrast to this, ethoxylated nonionic surfactants are 
more sensitive to temperature but they show a higher tolerance to electrolyte 
concentrations [21-23]. 
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Figure 9.3: Solubilisation parameters for petroleum sulfonate (Petronate HL) as a function of 

salinity (NaCl), temperature, and alkane carbon number (ACN) at various temperatures. 

The optimum solubilisation parameter (SP*) is defined as the equal volume of oil (Vo) 

or water (Vw) per unit volume (Vs) of surfactant solubilised in the middle phase 

microemulsion. Figure 9.3 illustrates the solubilisation parameters at the optimum 

versus salinity at different temperatures for four alkanes, decane (nCIO), dodecane 

(nC12), tetradecane (nC14), and hexadecane (nC16). One can see that the petroleum 

sulfonate (Petronate HL) surfactant produces a good solubility at a low salinity, low 

temperature and low ACN. Figure 9.3 shows the highest value of the optimum 
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solubilisation parameter for decane at the lowest optimum salinity and at a temperature 
of 40 OC. This behaviour has also been reported for anionic surfactants by several 
investigators [20,24-25]. It can be seen from Figure 9.3 that for a constant temperature, 
the optimum solubilisation parameter decreases with increasing salinity and alkane 
carbon number (ACN). The relatively higher values of the slope of ACN lines with 
temperature, reveals a significant effect of temperature on the optimum solubilisation 
parameters. Since petroleum sulfonate is an anionic surfactant, increasing the 
temperature makes the negatively charged sulfonate head group more hydrophilic, and 
as a result of this, it requires a higher salt concentration for re-optimising the three phase 
region. Increasing ACN not only moves the optimum temperature phase boundary 
(dashed lines) with a constant shift towards higher salinity values but a reduction in the 
optimum solubilisation parameters is also observed. As compared to the effect of 
salinity, the optimum solubilisation parameter decreases more rapidly with temperature. 

Unlike ethoxylated nonionic surfactants, anionic surfactants exhibit higher sensitivity to 

electrolyte concentrations and less sensitivity to temperature changes as shown in 
Figures 9.1 and 9.2. For a system that contains anionic surfactant in the aqueous phase 
equilibrated with an organic phase, increasing the salt concentration reduces the 

surfactant solubility in the aqueous phase and increases its partitioning into the organic 

phase. However, increasing the temperature enhances the surfactant solubility in the 

aqueous phase and as a result, the system requires a higher electrolyte concentration to 

reduce its affinity to the water phase. This phase behaviour is also evident from Figures 

9.1 to 9.3. On the other hand, as we have seen in Chapter 6, ethoxylated nonionic 

surfactants are very sensitive to temperature but they exhibit a higher tolerance to 

electrolyte concentration. The cloud point measurements of these surfactants indicate 

that their aqueous solubility is directly dependent on the number of ethylene oxide units 
in the molecule. Increasing the polyoxyethylene chain length in the surfactant molecule 

results in an increase in its aqueous solubility and hence in the cloud point. However, 

increasing the salt concentration in the surfactant solution reduces the cloud point, 

though the effect of salinity increase is much lower than the effect of temperature (see 

Chapters 5 and 6). 

9.2.2 Phase Behaviour of Mixture of Petronate HL and AEC+E02.5 

Figures 9.4a to 9.4d illustrate the phase behaviour of mixtures of surfactants, 

Petronate HL and alkyl ether carboxylate having 2.5, ethylene oxide units, with salinity 

for four hydrocarbons octane, decane, dodecane, and tetradecane respectively. At low 

salinity and for a particular weight fraction of surfactant mixture, Winsor Type-I system 
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(o/w microemulsion with excess oil) is formed. On increasing the salt (NaCI) 
concentration, the system transforms into the Winsor Type-III phase equilibria (middle 
phase microemulsion with excess oil and water phases) which, on further increase in salt 
the concentration, inverts into a Winsor Type-II system (w/o microemulsion with excess 
water). Figure 9.4a illustrates the three phase equilibria, mapped against salinity as a 
function of weight fraction mixture of surfactants, Petronate HL and AEC+E02.5, at a 
temperature of 30 OC. This figure shows that the three phase region shifts towards higher 

salinity with increasing the weight fraction of surfactant AEC+E02.5 in the mixture. It 

can also be seen from this figure that the three phase region is narrower at low salinity 
values and it widens as a function of salinity and weight fraction of surfactant 
AEC+E02.5 in the mixture. Scanning the three phase regions (Type-III phase 
equilibria) as a function of salinity and weight fraction of surfactants, with increasing 

alkane carbon number (ACN) illustrates that the three phase regions move towards 
higher salinity values and they widen as well. 
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Figures 9.4a to 9.4d also show that the amount of salt required to optimise the Type-III 
phase equilibria is lower when the weight fraction of the surfactant AEC+E02.5 is low 
in the mixture. This behaviour indicates that the effect of petroleum sulfonate on the 
lower (LPB) and upper (UPB) phase boundaries of the three phase region is dominant 
when the concentration of the surfactant AEC+E02.5 is in the range of 0-0.5 weight 
fraction in the mixture. It can also be seen from these figures that the effect of 
increasing the weight fraction (beyond 0.5 weight fraction) of the surfactant 
AEC+E02.5 in the mixture can directly be controlled by salinity increase in the system. 

Another interesting feature found is the effect of temperature on the partitioning of the 
surfactant mixtures. As seen in Chapter 8, the introduction of a small polyoxyethylene 
chain between an alkyl chain (C, 3-1, ) and an ionic head group (COO-) of a surfactant 
molecule, the salt tolerance of the surfactant can significantly be improved. This was 
initially demonstrated by Tokiwa and Ohki [26], who have shown that the salt tolerance 

of an anionic surfactant can be improved if a polyoxyethylene chain is inserted between 

the alkyl chain and ionic head group. They have also shown that for dodecyl 

polyoxyethylene sulfate surfactants, a linear relationship between the number of 
oxyethylene units and number of water molecules attached to polyoxyethylene chain 

exists when the number of ethylene oxide units in surfactant molecule is greater than 3. 

While anionic surfactants tend to become somewhat hydrophilic on increasing the 

temperature (as shown in the previous section). Figures 9.5a to 9.5d indicate that mixing 
the anionic surfactant (Petronate HL) with the polyether carboxylate (AEC+E02.5) 

reverses this effect. These figures show that for a given hydrocarbon, for instance 

dodecane, the salinity required to scan the three phase region gradually decreases and 
the three phase domain widens with increasing temperature. As mentioned earlier, this 

reversal of behaviour with temperature is a characteristic of the ethoxylated non-ionic 

surfactants. It is reasonable to assume that the effect of temperature increase on 
dehydration of the ethylene oxide head group accounts for the decreased hydrophilicity 

of the surfactant at elevated temperatures. The cloud point measurements performed on 

the polyether carboxylated surfactants (see Chapter 7) indicate that the temperature at 

which surfactant is no more soluble in the aqueous phase depends on the number of 

ethylene oxide units in the surfactant molecule and the purity of material. It was also 

observed that for solutions of surfactants having the less than four number of ethylene 

oxide units, the visual observation of clouding effect becomes impossible (see Chapter 

7). This may be due to less number of water molecules attached to the polyoxyethylene 

chain. The phase behaviour studies of pure alkyl polyether (EON=2.5,4, and 7) 

carboxylated surfactants, detailed in Chapter 8, have shown that these surfactants show 
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dehydration with temperature, even the surfactant having smallest oxyethylene units 
(EO=2.5). This type of behaviour is also observed when the polyether carboxylate 
surfactant with 2.5 number of ethylene oxide units (AEC+E02.5) is mixed with 
petroleum sulfonate (Petronate HL). It can be seen from Figures 9.5a to 9.5d that the 
three phase region is optimised against lower salinity when the temperature is raised. It 
can also be seen from these diagrams that the effect of temperature on the shift of the 
three phase region is dominant when the mixture composition is made rich with 
surfactant AEC+E02.5. 
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Figures 9.6 and 9.7 show the dependence of the optimum solubilisation parameter (SP*) 

on the optimum salinity (S*), alkane carbon number (ACN), and temperature. For a 

surfactant mixture of 0.5 by weight fraction, Figure 9.6 shows that the optimum 

solubilisation parameter is highest for octane and it decreases with increasing ACN 
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whereas the optimum salinity increases with ACN. This figure also clearly illustrates 
that the decrease of the optimum solubilisation parameters with salinity is rather non- 
linear and the effect is more pronounced with ACN. Increasing the temperature not only 
results in a reduction of the optimum solubilisation parameters but also the optimum 
salinity. By comparing the results shown in Figure 9.6 to that in Figure 9.7, one can see 
that the optimum solubilisation parameter decreases with increasing the weight fraction 
of surfactant AEC+E02.5 in the surfactant mixture. However, no significant difference 
in the magnitude of the solubilisation parameters is found for octane. On comparing the 
results shown in Figures 9.6 and 9.7, the rate of decrease of the optimum salinity is 
higher for the surfactant mixture containing 0.3 weight fraction of petroleum sulforiate 
and 0.7 weight fraction of AEC+E02.5 than that containing 0.5 weight fraction of each 
component in the mixture. This may be due to the presence of a higher concentration of 

surfactant AEC+E02.5 in the mixture which exhibits dehydration with temperature. 

20 

18 
E 

ý5 16 
E 

14 

12 

10 

0 r-n 6 
E 
z E4 

4--b 

2 

0 
lu 

Pet HL+AEC2.5 (0.5: 0.5) 3 gm/dl 
Isobutanol 3 gm/dl 

30 0c WOR 1 

0 40 C 

50 0c 

0 INI* nC8 60 C 
0 70 C nCIO 

nC8 
nC 12 

nCIO 
nC12 

nC14 nC 14 

Optimum Salinity (S*)(gm/dl) 

Figure 9.6: optimum solubilisation parameters (SP*) for 0.5 weight fraction mixture of 

surfactants Petronate HL and AEC+E02.5 as a function of optimum salinity ( S*), alkane 

carbon number (ACN) and temperature. 

On comparing the optimum solubilisatiOn parameters shown in Figures 9.6 and 9.7 to 

that of pure petroleum sulfonates shown in Figure 9.3, one can note that there is no 

significant difference in the magnitude of the solubilisation parameters. However, the 

range of the optimum salinity, for which the optimum solubilisation prevails, is higher 

than that of pure sulfonate. In the case of pure petroleum sulfonate, the optimum salinity 
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increases with increasing temperature whereas it decreases with temperature for the 
mixture of surfactants. 
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Figure 9.7 shows that increasing further the composition of surfactant AEC+E02.5 in 

the mixture, the optimum salinity increases for the system having a weight fraction 

0.3: 0.7 of surfactants Petronate HL and AEC+E02.5 respectively, whereas the optimum 

solubilisation parameter decreases. Figure 9.7 also illustrates that there is a huge 

difference in the values of the optimum solubilisation parameters as a function of 

salinity and ACN at low temperature. It is interesting to note that for surfactant mixtures 

containing 0.3: 0.7 weight fraction, as shown in Figure 9.7, the optimum solubilisation 

parameters as a function of optimum salinity, optimum appear to converge when the 

temperature is raised. 

9.2.3 Phase Behaviour of Blends of Petronate HL and AEC+E07 

The data illustrated in Figures 9.8a to 9.8d show the phase behaviour for 

mixtures of petroleum sulfonate and alkyl ether carboxylate (AEC+E07) as a function 

of salinity for four hydrocarbons; decane, dodecane, tetradecane, and hexadecane. The 

I 
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surfactant AEC+E07 has the same alkyl group (C13-15) as that of surfactant 
AEC+E02.5, however the former surfactant contains 7, an average, moles of ethylene 
oxide units whereas the latter 2.5. It is observed that the sensitivity to salinity in the 

aqueous solution is highly dependent on the composition of surfactant AEC+E07 in the 

mixture. The phase maps in Figures 9.8a to 9.8d illustrate that the optimum salinity 
increases and the three phase region widens as a function of alkane carbon number 
(ACN) when the relative composition of ether carboxylate surfactant, AEC+E07, is 
increased in the mixture. It is interesting to note that the width of the three phase domain 

increases with increasing ACN. This behaviour is also analogous to that observed for 

pure anionic and non-ionic surfactants [27-28]. A theoretical description involving the 

expansion of the three phase region with ACN has been reported in Chapters 4 and 6. It 

is observed that the influence of increasing the concentration of surfactant AEC+E07 in 

solution on the optimum salinity is moderate upto approximately 30%, and beyond this 

concentration, a linear relationship occurs between the concentration of AEC+E07 in 

the mixture and the optimum salinity. However, this concentration is less (50%) than 

that of Petronate HL and AEC+E02.5 mixture. 
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Figure 9.10a. Phase transition sequence mapped by increasing salinity from 6 gm/dl to 12 gm/dI for the 
mixture of Petronate HL and AEC+E07 (50%), and decane at a temperature of 30 T. 

Figure 9.1 Ob: Phase transition sequence mapped by increasing salinity from 7 gm/dl to 14 gm/dl for the 

mixture of Petronate HL and AEC+E07 (50%), and decane at a temperature of 30 OC. 
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Figure 9.9 illustrates the three phase region with lower (LPB), upper (UPB) and 
optimum (OPB) phase boundaries plotted as a function of salinity and ACN for 0.7: 0.3 
and 0.5: 0.5 weight fractions of Petronate HL and AEC+E07 respectively at a 
temperature of 30 OC. It can be seen that the three phase region widens as a function of 
ACN and salinity for both compositions. For the system containing a higher proportion 
of Petronate HL, the three phase region exists at lower concentrations and lower 
salinity. Comparison of the two three phase envelopes indicates that the three phase 
region shift towards higher salinity when the ratio of AEC+E07 increases in the 
solution. It can also be seen that the three phase region expands and exists over a wide 
range of salinity as the mixture composition is made rich with surfactant AEC+E07. 
Figures I Oa and I Ob illustrate the phase transition sequence for the mixture of Petronate 
HL and AEC+E07 having equal weight fraction mapped by varying salinity for decane 
and dodecane respectively. 
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Three phase regions analogous to these have been reported by Bourrel et aL [27] for 

ethoxylated non-ionic surfactants where a three phase envelope is obtained by varying 

the ethylene oxide number (EON) as a function of ACN. A similar phase diagram has 

been illustrated in Chapter 6 for mixtures of two ethoxylated non-ionic surfactants 

where the three phase domain was mapped by varying mixed EO units as a function of 

ACN. It has been reported [7] that for pure alkyl ether carboxylates, the optimum 
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salinity (S*) and optimum temperature (T*) increase with increasing the number of 
ethylene oxide units in the molecule without significantly affecting the optimum 
solubilisation parameters. Similarly, it is presumed that the optimum salinity or 
temperature can be adjusted either by varying the EO units in AEC molecules or 
increasing the concentration of the AEC surfactant having a larger number of EO units 
in the mixture. 

As mentioned earlier, the sensitivity to the optimum salinity to temperature is highly 
dependent on the structure of the ethoxylated anionic surfactant, specifically on the 

chain length of oxyethylene in the surfactant molecule. For a surfactant AEC+E07, 
increasing the temperature shifts the optimum salinity boundary towards a lower salinity 
value and the three phase region widens to a temperature of 60 T, however, after this 

temperature, no significant change is observed. This is because the solubility of an 

anionic surfactant in the aqueous solution depends on its structure as well as on the type 

and concentration of the electrolyte [1]. 

Figure 9.11 illustrates the three phase region scanned by varying salinity as a function of 

total surfactant concentration in the mixture for the blend of Petronate HL and 
AEC+E07. Increasing the surfactant concentration in the mixture causes the three phase 

region to slightly expand over a wider salinity range. However, it can be seen from the 

figure that there is no significant effect on the optimum salinity boundary. 
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Figure 9.11: Effect of surfactant concentration on salinity requirement for system contammg, 

an equal weight fraction of Petronate HL and AEC+E07 at a temperature of 30 OC. 
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Figure 9.12c: Phase map showing salinity 

versus weight fraction of mixture for 

dodecane at a temperature of 60 'C. 

30 

25 

20 

15 

10 

5 

0 

Figure 9.12d: Phase map showing salinity 
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dodecane at a temperature of 70 'C. 

Figures 9.12a to 9.12d indicate that the optimum salinity boundary shifts towards lower 

salinity values when the temperature is raised from 40 OC to 70 OC. It has been reported 
[1] (see section 9.2.2) that the solubility of an anionic surfactant in aqueous solutions 
increases with increasing temperature. On the other hand, for a particular hydrophobe, 

the solubility of a non-ionic surfactant depends on the POE chain length and increases 

with the number of ethylene oxide units in the molecule [27-28]. It may be concluded 

that for AEC+E07 surfactant system, the solubility of surfactant in water and its 

sensitivity towards salinity is controlled by the non-ionic species in the surfactant blend. 

This can be seen in Figures 9.12a to 9.12d, where the sensitivity to the optimum salinity 

is enhanced as the weight fraction of surfactant AEC+E07 increases in the mixture. As 

a consequence, the optimum salinity boundary starts flattening when the temperature is 

raised. It is observed that for a particular mixture composition, for instance 0.5 weight 
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fraction, the optimum salinity is proportional to the temperature increase, and the 
optimum salinity boundary moves towards lower salinity without influencing the slope 
of the optimum phase boundary (see Figure 9.13). 

16 

14 

12 

lo 

8 

Cl. 
C 

4 

2 

0 

Petronate+AEC+E07( 50%) 3 gm/dl 
Isobutanol 3 gm/di 
WOR=l 

40 

A 
A 

30 'C 

9 40 IC 

A 50 'C 

0 

70 'C 

468 10 12 14 16 
Alkane Carbon Number (ACN) 

Figure 9.13: Effect of temperature on optimum salinity boundaries for the system shown in the 

upper section of Figure 9.9. 

The corresponding optimum solubilisation parameters, for the systems shown in Figure 

9.13 are displayed in Figure 9.14. These parameters were determined for the mixture 

containing 50% by weight of the surfactants, and once again the highest solubilisation 

parameters are produced at low temperature, low ACN but at higher salinity. It can be 

seen from Figure 9.14 that the optimum solubilisation parameter decreases with 
increasing ACN and temperature. Since increasing temperature makes the anionic 

surfactant more hydrophilic, an increase in salinity is needed to keep the system at the 

optimum three phase region. However, for non-ionic surfactants the optimum 

solubilisation parameter decreases with temperature and salinity [29]. As mentioned 

above, the optimum salinity is largely controlled by the surfactant AEC+E07 in the 

mixture for composition > 30%, it expected that increasing the temperature or salinity 

would dehydrate the oxyethylene chain which would not only shift the optimum 

salinity boundary to lower values but also causes a reduction in the optimum 

solubilisation parameters. It is also observed that the influence of AEC+E07 
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composition in the mixture on the optimum solubilisation has a lesser effect below 30%, 
however, it decreases proportionally above this composition. On comparing the 
optimum solubilisation parameters of surfactant AEC+E07 for a mixture of 50 % 
composition to that of Petronate HL and AEC+E02.5 for the same composition, one 
can note that it decreases on increasing the number of ethylene oxide units in the 
molecule. However, the optimum salinity can be adjusted either by increasing the 
weight fraction of the alkyl ether carboxylate (AEC) surfactant with a fixed number of 
EO units, or by increasing the number of ethylene oxide units in alkyl ether carboxylate 
(AEC) molecule. It is an interesting point to note that the systems optimised with a 
mixture of surfactants containing low EO units in the molecule, are relativel. y less 

sensitive to temperature than those containing a higher number of EO units. One can 

note from Figure 9.14 that the variation of the optimum solubilisation parameters with 

salinity is rather regular as a function of temperature and alkane carbon number (ACN). 
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Figure 9.14 Optimum solubilisation parameters (SP*) for surfactant mixture containing 

equal weight fraction of surfactants Petronate HL and AEC+E02.5, as a function of 

optimum salinity (S*), alkane carbon number (ACN), and temperature. 

Figure 9.15 shows the variation of interfacial tension and solubilisation parameters with 

salinity for microemulsions optimised with a surfactant solution containing 0.5 weight 

fraction of petroleum sulfonate and AEC+E07 for dodecane at a temperature of 30 OC. 

It is noted that the solubility parameter (VO/Vs) increases with increasing salinity, 

whereas the interfacial tension (IFT) between microemulsion and excess oil phase 

decreases. Similarly, the value of the IFT between the microemulsion and excess water 
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phase increases as the solubility parameter (Vw/Vs) decreases. The solubilisation and 
salinity at which the two IFTs become equal are termed the , optimum solubilisation 
parameter (SP*)" and the "optimum salinity (S*)" respectively. Though the values of 
the interfacial tension determined after blending the petroleum sulfonate with ether 
carboxylate is higher than that of pure sulfonate. Balzer [ 16] have shown that surfactant 
mixtures having solubilisation parameter up to 5 provided an effective oil recovery. 
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Figure 9.15: Interfacial tension and solubilisation parameters as a function of salinity for 

dodecane (nC12) for mixture of surfactants, Petronate HL and AEC+E07, in equal weight 

fraction at a temperature of 30 'C. 

9.2.4 Phase Behaviour of Blends of Petronate HL and Marlinate Surfactants 

Figures 9.16a to 9.16d show the phase behaviour of a surfactant mixture mapped 

by varying the salinity (NaCl) as a function of weight fraction of surfactants (Petronate 

HL and Marlinate) in the mixtures for hydrocarbons; decane, dodecane, tetradecane, and 

hexadecane. The distinct difference between the two alkyl ether carboxylated 

surfactants, (AEC+E02.5 and AEC+E07) and Marlinate, is that the surfactant 

Marlinate has a shorter alkyl chain (dodecyl) and contains 10, on average, moles of 

ethylene oxide units in the molecule (For full detail see Chapter 3). Like surfactants 

AEC+E02.5 and AEC+E07, this surfactant also illustrates a similar trend in the phase 

behaviour. 
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Figures 9.16a to 9.16d illustrate that the three phase region shifts towards higher salinity 

values when composition of Marlinate is increased in the mixture. It can also be seen 

that three phase regions widen with increasing alkane carbon number (ACN) and 

salinity. As compared to the phase behaviour shown in Figures 9.4a-d and 9.8a-d for 

surfactants AEC+E02.5 and AEC+E07 respectively, to Marlinate, one can see that the 

optimum salinity (S*) values as a function of ACN for Marlinate are higher under same 

system conditions. This is because the surfactant Marlinate contains a larger number of 

ethylene oxide units in the molecule. Like the phase behaviour of surfactants 

AEC+E02.5 and AEC+E07, a linear relationship between the optimum salinity and 

weight fraction of the mixture exists when composition of the surfactant (Marlinate) 

exceeds from 30%. 
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ACN at constant temperature of 40 

Figure 6.17 shows the comparison between the phase behaviour for the mixtures of 

surfactants, Petronate HL and Marlinate, having composition 0.7: 0.3 and 0.5: 0.5 

respectively as a function of salinity and alkane carbon number (ACN) at a constant 

temperature of 40 OC. At low salinity and low ACN, the three phase region is narrow and 
it widens with increasing salinity and ACN for both compositions. Since the anionic 

surfactant Petronate HL shows higher sensitivity to salinity, as illustrated in Figure 9.1, 

the optimum salinity can be improved by introducing a high salt tolerant surfactant, for 

example Marlinate. One can note that the optimum salinity values can approximately be 

doubled when the Petronate HL composition was modified by the introduction of only 

0.3 weight fraction of Marlinate in the aqueous solution. As the composition of the 

surfactant Marlinate in the mixture increases, the optimum salinity shifts towards higher 

values. The phase behaviour shown in the upper section of Figure 9.17 illustrates that 

not only does the three phase region expand as a function of ACN but the three phase 

region also exists over a higher range of salinity. 
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Figure 9.18a: Phase transition sequence mapped by increasing salinity from 9 gm/dI to 16 gm/dl for the 
mixture of Petronate HL and Marlinate (50%), and decane at a temperature of 40 T, 

1; 4ý, - I-r. - 

Figure 9.1 8b: Phase transition sequence mapped by increasing salinity from 12 gm/dI to 21 gm/dI for the 

mixture of Petronate HL and Marlinate (50%), and hexadecane at a temperature of 40 T. 
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Figure 9.18b: Phase transition sequence mapped by increasing salinity from 10 gm/dI to 16 gm/dI for the 

mixture of Petronate HL and Marlinate (50%), and dodecane at a temperature of 40 T, 



Phase Behaviour ofAnionic Surfactant Blended with AEC Chapter 9 

Figure 9.19 demonstrates that the phase behaviour for the system involving the mixture 
of Petronate HL and Marlinate is dependent on surfactant concentration. It can be seen 
from salinity-concentration diagrams that three phase region initially moves towards 
higher salinity value with increasing total surfactant concentration in the mixture upto 5 

gm/dI. An further increase in the total surfactant concentration in the system decreases 

the three phase region back towards lower salinity values. However, it is clear from the 
diagram that there is no change in the salinity range for which the three phase region is 

mapped. 
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Figure 9.19: Effect of total surfactant concentration in the mixture of surfactants Petronate HL 

and Marlinate on three phase region mapped for dodecane at a temperature of 30 OC. 

Figures 9.20a to 9.. 20d show the dependence of the phase behaviour on temperature. It 

has been shown in Figure 9.2 that for petroleum sulfonate (Petronate HL) as a primary 

surfactant, the optimum salinity boundary shifts towards higher values when the system 

temperature is increased. However, this is not true for ethoxylated anionic surfactants 

and the effect of temperature on the phase behavior of these surfactants is reverse. It has 

been shown in Chapter 8 that the anionic surfactants containing polyoxyethylene chain 

still show dehydration with temperature, and the optimum salinity decreases with 

increasing temperature. It has also been demonstrated that the intensity of the 

temperature effect depends on the number of ethylene oxide units in the surfactant 

molecule. This effect can clearly be seen from Figures 9.20a to 9.20d, which show that 

Type-11 
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the optimum salinity decreases with increasing temperature. A similar type of behaviour 
has been reported for surfactants AEC+E02.5 and AEC+E07. It is also observed that 
the effect of temperature on the optimum salinity is higher for a surfactant mixture 
containing higher composition of Marlinate. Since relative partitioning of the surfactant 
molecules with temperature depends on their structure and composition in the mixture, 
the mixture containing a higher composition of Petronate HL shows less sensitivity to 
temperature. As the composition of Marlinate increases in the mixture, the relative 
tolerance to salinity increases whereas sensitivity to temperature decreases. These 
figures also illustrates that there is no significant change in the phase volumes of the 
three phase region with temperature. 
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Figure 9.21 shows that for a mixture containing equal weight fraction of surfactants 
Petronate HL and Marlinate, the optimum salinity boundary as a function of ACN shifts 
towards low values when the system temperature is increased. It can also be seen that 
the optimum salinity decreases with increasing temperature and the effect of 
temperature on the shift of the optimum salinity is equal for each hydrocarbon. 
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Figure 9.21: Effect of temperature on optimum salinity boundary for mixture of surfactants 

Petronate HL and Marlinate for weight fraction of 0.5: 0.5 respectively as a function of alkane 

carbon number (ACN). 

Figure 9.22 shows the dependence of optimum solubilisation parameter (SP*) on 

optimum salinity, alkane carbon number (ACN) and temperature for mixture of 

surfactants Petronate HL and Marlinate containing an equal weight fraction. One notes 

that the optimum solubilisation parameter is highest for decane at a minimum 

temperature of 30 T. As compared to the optimum solubilisation parameters as a 

function of salinity to those shown in Figures 9.6,9.7 and 9.13 for surfactants 

AEC+E02.5 and AEC+E07 respectively, one can see that the optimum solubilisation 

parameters shift towards lower values whereas the optimum salinity increases 

accordingly. It is also observed that the effect of temperature on the optimum salinity 

has become more pronounced for any hydrocarbon studied when the mixture 

cornposition is made rich with surfactant with a higher number of ethylene oxide units. 
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It is observed that for a mixture containing equal weight fraction of surfactants, the 
width of the three phase region becomes relatively broad and the solubilisation 
parameters at optimum are low, when the surfactant is replaced by one which contains a 
higher number of ethylene oxide units. This effect is more pronounce at high 
temperature and at high ACN. 

10 

9 

8 

rMt. 

C 

PetHL+Marli(O. 5: 0.5) 3 gm/dl 
Isobutanol 3 gm/dl 
WOR= 1 

0 nClO 30 c 
40 C nC12 

50 c 
A nC 14 

60 C 

nC16 70 C 

05 10 15 20 25 
Optimum Salinity (gm/dl) 

Figure 9.22: Optimum solubilisation parameter (S*) for mixture of surfactant Petronate HL and 

Marlinate at an equal weight fraction as a function of salinity, ACN and temperature. 

For the blends of petroleum sulfonate and alkyl ether carboxylated surfactants 
AEC+E02.5, AEC+E07, and Marlinate, it has been observed that there is one particular 

surfactant composition in the mixture after which a linear relationship between the 

optimum salinity and weight fraction of AEC surfactant in the mixture exists. As 

mentioned earlier, this critical composition depends on the structure and concentration 

of the AEC surfactant in the mixture as a function of alkane carbon number (ACN). 

Experimental results indicate that this critical mixture composition is higher for the 

surfactant with a smaller number of ethylene oxide units and it decreases with 
increasing the number of ethylene oxide units in the molecule. For surfactant blends, 

this relationship can be described by the equation 

a. (AECcon)-b 
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In above equation, S* is the optimum salinity and 'a' is the slope of the optimum straight 
line beyond critical concentrations, and is independent of alkane carbon number (ACN), 
AECcon. is the concentration of alkyl ether carboxylated surfactant in the mixture. 
Similar behaviour has been reported for the blends of ether carboxylated surfactants 
with alkyl-o-xylene -sulfonates [9]. 

93 SUMMARY 

The literature review on anionic surfactants [1,31-33] reveals that phase 
behaviour of these surfactants is highly sensitive to salinity and rather less sensitive to 
changes in temperature. These surfactants form microemulsions with excess oil and 
water phase (Winsor Type-III phase equilibria) against salinity over a narrow range of 
salinity (a few grams per 100 ml). In contrast to this, phase behaviour studies [34-38] 
involving ethoxylated non-ionic surfactants show that these surfactants are highly 

sensitive to temperature but exhibit more tolerance to salinity changes. Recent 
investigations on ethoxylated sulfonate and carboxylate surfactants [2,6-9,11-17,19,39- 
41] have demonstrated that these surfactants have shown both high thermal and 
chemical stability, high tolerance to electrolyte concentration, considerable 
solubilisation power and ultra-low interfacial tensions. It has been shown in Chapter 8 

that anionic surfactants having a polyether chain between an alkyl chain and an ionic 
head group, show a much higher tolerance to electrolyte concentration, are stable at high 

temperatures, and show good solubilisation power. It has been also shown that for a 

particular hydrophobe, the optimum salinity and temperature at which the three phase 

region exists depends on the number of ethylene oxide units in the surfactant molecule. 
Though the sensitivity to salinity can be improved significantly by substitution of a 

polyoxyethylene oxide chain in the surfactant molecule, it is observed that the surfactant 

molecule still exhibits some dehydration with temperature. As mentioned earlier, this 

reduction in solubility in the aqueous phase with temperature is a characteristic of the 

nonionic EO chain in the surfactant molecule. The three phase region mapped using 

ethoxylated anionic surfactants at high salinity and temperature exists against a narrow 

range of salinity. 

In this chapter, phase behaviour studies have been investigated by mixing three 

ethoxylated carboxylated surfactants, AEC+E02.5, AEC+E07 and Marlinate (EO10), 

with a petroleum sulfonate (Petronate HL) surfactant in order to improve their tolerance 

to salinity and temperature. It has been shown in section 9.2.1 of this chapter that for 

pure petroleum sodium sulfonate (Petronate HL), a three phase region exists over a 
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narrow salinity range in salinity and ACN space. However, increasing the temperature 
makes the surfactant more hydrophilic and a relatively higher salinity is required to re- 
optimise the three phase region. The optimum solubilisation parameters decrease with 
increasing temperature and ACN whereas the optimum salinity increases with 
temperature and ACN. 

By mixing petroleum sulfonate Petronate HL with AEC+E02.5, it is shown that the 
optimum salinity can be adjusted as a function of AEC+E02.5 composition in the 
mixture. For surfactant AEC+E02.5 in the mixture, the tolerance to salinity improves 
slowly upto a weight of fraction of 0.5, however, after this composition, the optimum 
salinity increases linearly as a function of weight fraction of AEC+E02.5 in the 
mixture. The critical composition at which a linear relationship between the optimum 
salinity and mixture composition begins, is dependent on the number of ethylene oxide 
units in the surfactant molecule. It is observed that this critical composition increases 

with increasing the number of ethylene oxide units. It can be seen that for a particular 
hydrophobic group, the critical composition reduces to a value of approximately 0.3 

weight fraction when the surfactant AEC+E02.5 is replaced by surfactant AEC+E07. It 
is also observed that the optimum salinity doubles for AEC+E07 as compared to 
AEC+E02.5. however, the optimum solubilisation parameter decreases and the three 

phase region becomes broad. A similar type of phase behaviour is observed for 
Marlinate which has a shorter alkyl chain (dodecyl) than AEC surfactants, and contains 
10 moles of ethylene oxide units in the molecule. For this surfactant, the three phase 

region becomes wider with ACN when phase boundaries are mapped as a function of 

salinity and mixture composition. 

As mentioned above, increasing temperature of the systems containing anionic 

surfactants shifts the optimum salinity boundary toward higher values. It has been 

illustrated that for mixtures containing equal weight fraction of Petronate HL and 
AEC+E02.5, a significant improvement in salinity can be achieved with no significant 

change in solubilisation parameters. Unlike petroleum sulfonate, the optimum salinity 
decreases and three phase region widens with temperature for the mixture of surfactants. 
This may be due to the excess concentration of surfactant AEC+E02.5 in the mixture. It 

is also observed that for mixed surfactant systems, the optimum solubilisation parameter 
decreases with increasing salinity and temperature. The effect of salinity and 

temperature on optimum solubilisation parameters becomes more pronounced when the 

phase behaviour is determined for mixtures of Petronate HL and more hydrophilic 

surfactants (AEC+E02.5, AEC+E07, and Marlinate). 
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Interfacial tension measurements and solubilisation parameters mapped as a function of 
salinity for the mixture containing equal weight fraction of Petronate HL and AEC+E07 
indicate that the minim in IFT values exists at the optimum salinity. This behavior can 
further be verified the Huh empirical model [42], which experimentally shows that the 
interfacial tension is inversely proportional to the square of the optimum solubilisation 
parameter (SP*). Since the optimum solubilisation parameters are higher for pure 
petroleum sulfonate (Petronate HL) and for the mixture of Petronate and AEC+E02.5, 
it is presumed that interfacial tension values would be much lower for these two 
systems. However, the interfacial tension and solubilisation parameter at optimum 
shown in Figure 9.14 indicates that the microemulsions form with mixture of Petronate 
HL and AEC+E07, and Marlinate generate lower interfacial tensions, that are still 
capable of removing the trapped hydrocarbon from porous media. 
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Chapter 10 

Discussion and General Conclusions 

This work has investigated the circumstances under which surface active agents can 
adsorb at air/water or oil/water interfaces, to generate low interfacial tensions by 
varying several system parameters. Many surfactant species are available commercially, 
however it is well known that only a few are capable of lowering the interfacial tensions 
to 'ultra-low' values. As a matter of fact, only those commercially available surfactants 
which could be expected to give ultra-low interfacial tension values under likely field 

conditions were selected for study. The reason for choosing commercially available 
surfactants was to improve the economics of the process. The novelty this work is that 
not only pure surfactant systems were studied but their mixtures -.. vere also prepared, and 
investigated. 

Since ultra-low interfacial tension and high solubilisation, stability to high salinity and 
temperature, low retention in the medium through reservoir rocks, are the primary 
constraints in the selection of surfactants for chemical flooding, particular attention was 
therefore given to these aspects, except retention, during the work. 

Nonionic, surfactants have demonstrated certain properties which are highly useful for 

the surfactant flooding processes, for example their low sensitivity to mono and divalent 

ions. On the other hand, the disadvantage associated to their behaviour is their high 

sensitivity to temperature changes. However, the principal question is whether nonionic 

surfactants are capable of lowering the interfacial tension at the oil/water interface to the 

required ultra-low value. Several theories can be found in the literature which explain 

the origin of the low interfacial tension (IFT) in surfactant systems. Most of the theories 

conclude that the low interfacial tension phenomena at the oil/water interface occurs 
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when; i) the surfactant concentration in the aqueous solution in contact with oil is at or 
slightly higher than the critical micelle concentration (CMC); ii) an optimum middle 
phase microemulsion with an excess oil and aqueous phase is formed; ii) a monolayer is 
adsorbed at interface. Relatively little theory can be found which demonstrates the 
adsorption of surfactant from the micellar solutions while induce a low interfacial 
tension at the oil/water interface. Since the occurrence of a low interfacial tension is 
very sensitive to the variation in system compositions, it is still unclear whether the 
nonionic surfactants have potential in lowering the IFT to ultra-low values. This was 
investigated and reported by measuring the dynamic interfacial tension as a function of 
time between surfactant micellar solution and alkanes. 

The dynamic interfacial tension measurements between micellar solutions and various 
alkanes, reported in Chapter 4, were recorded for a series of ethoxylated nonionic 
surfactants using a spinning drop apparatus. The particular nonionic surfactants used 
were nonylphenol ethoxylates having 5,6,7, and 10 ethylene oxide units in the 
surfactant molecules. The relaxation IFT curves, established as a function of time by 

varying the number of ethylene oxide (EON) and alkane carbon number (ACN), have 

clarified certain aspects of their low IFT behaviour. Most of the work described earlier 
reported the low interfacial tension for the formation of three phase system where 
middle phase microemulsion is in equilibrium with excess oil and water phases. 
However in the current work, through succession of dynamic interfacial tension 

measurements, it has been shown that the low interfacial tension can be accomplished 
with low surfactant concentration specifically in the range slightly above the critical 
micelle concentration. It was observed that for a particular hydrophobic group, the ultra- 
low IFT is obtainable with ethoxylated nonionic surfactants. The experimental results 
showed that the minima in IFT was highly dependent on the structure of the surfactant, 
length of the hydrocarbon chain, and on various other system conditions such as 
temperature and the presence of additives, if any. For constant system conditions, it has 
been found that the surfactant nonylphenol ethoxylate having 6 moles of ethylene oxide 

units in the molecule generates the lowest IFT with octane. Thus, octane was referred to 

the "preferred alkane" for those conditions. This finding is also in agreement with that 

concluded after the formation of a three phase microemulsion system for the same 

material and under the same conditions with no significant difference in the values of 
low interfacial tension. It was observed that the relaxation curve, established after 

contacting the surfactant micellar solution with a alkanes, which showed relatively 
faster decay than those of others provided a minimum interfacial tension. 
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It was also concluded that both the minimum in IFT and the time required to establish 
an equilibrium were dependent on the aggregate size of the surfactant in the aqueous 
solution. The ultra-low interfacial tension was inversely proportional to aggregate 
(micelle) size and surfactant solutions containing largest micelles yielded ultra-low 
interfacial tension with hydrocarbon that facilitated maximum packing capacity at the 
interface. It was also found that the time required to attain an equilibrium in dynamic 
IFT was directly related to the size of the surfactant aggregate in the aqueous solution. 
However, if the aggregates were too big (as may be the case of surfactant NP-5), and 
they started to aggregate as a separate phase, there might be a doubt in the existence of 
any linear relationship between the aggregate size and equilibrium time. The 
interpretation of the dynamic IFT data using the theories of dynamic adsorption for 
micellar solution has indicated that the adsorption behaviour of surfactant monomers 
from micellar solution to the oil/water interface is quite complex. Two different slopes 
obtained from the dynamic IFT versus dilatation plots, indicated that the adsorption 
process was not only diffusionally controlled but also governed by the desorption of 
monomers from the micelles to the interface due to breaking of the micelles. However, 
the dynamic IFT data were insufficient to establish a quantitative relationship. 

From the dynamic IFT measurements, it was established that the mechanism by which a 
surfactant molecule attained an equilibrium at the oil/water interface was highly 
dependent on the structure of surfactant and hydrocarbon chain length for the fixed 

system conditions. The interpretation of the dynamic IFT relaxation curves for nonionic 
surfactants as a function of EON and ACN, showed that the minimum in IFT could only 
be accomplished with a particular surfactant for a particular hydrocarbon. The 

systematic phase behaviour investigations of surfactants have revealed that the chemical 
structure of a surfactant can be optimised to the individual system variables. However, 
for a practical standpoint of a chemical manufacturer, this procedure has the 
disadvantage that each surfactant should be developed and produced for each individual 

reservoir conditions. This problem can be overcome if the use of mixed surfactant 
systems, that can be optimised to the individual reservoir conditions, are adopted. Such 

systems can be made more easily and practical if inten-nediate surfactants are prepared 
by mixing two base surfactants in various proportions. The phase behaviour of mixed 

surfactant systems were also studied in order to correlate the minimum IFT determined 

by dynamic IFT method to that found by equilibrating three phase systems. 

Following the linear mole fraction rule, a series of intermediate surfactants with a 
difference of 0.2 EO units were prepared by mixing two nonionic surfactants, 

nonylphenol ethoxylates, having, an average, ethylene oxide numbers of 5 and 15. 
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Mixed micelle formation in a system containing mixed surfactants was investigated 
using the surface tension measurements technique and reported in Chapter 5. The results 
showed that the CMCs for the mixed surfactant systems did not follow the ideal mixing 
theory. It was found that the attractive interactions between the two surfactant molecules 
dominated the micellisation process at a low mole fraction of the surfactant with a larger 
head group that is NP- 15. These attractive interactions become weak as the composition 
of the surfactant NP- 15 increases in the mixed surfactant solution. It was found that one 
interaction parameter (P) described in the regular solution theory, could be used to 
explain and predict the mixed micellisation behaviour in the current system. 

As was mentioned above, most conventional theories describing the existence of an 
ultra-low interfacial tension relate the minima in IFT to the formation of a middle phase 
microemulsion with excess oil and brine phases i. e. the Winsor Type-III phase 
equilibria. In order to confirm and correlate the occurrence of a minimum in IFT., with 
that established for unequilibrated dilute surfactant systems, phase behaviour studies 
involving the mixed surfactants in oil and water systems were investigated. Several 

other system parameters which could affect the phase behaviour, solubilisation, and 
hence the IFT, such as the number of ethylene oxide (EON) units, temperature, type and 
concentration of alcohols, salinity, type of hydrocarbon, were also investigated 

presented in Chapter 6. The phase behaviour studies carried out on the mixture of 
nonionic surfactants demonstrated that the minimum in IFT could indeed be related to 
the formation of middle phase microemulsion with excess oil and water phase (Winsor 
Type-III phase equilibria). It was found that for ethoxylated nonionic surfactants, the 

average number of ethylene oxide units in the surfactant molecule and temperature 

were the two principal system parameters and showed the strongest effect on the phase 
behaviour. As compared to anionic surfactants, the state of low IFT of nonionic 

surfactants was less sensitive to system variables, except temperature, and the three 

phase region attained with such nonionic surfactants was much wider. The synergistic 
behaviour found in the mixed micelle formation, was also encounted in the IFT 

measurements carried out on the equilibrated two and three phase microemulsion 

systems. it was observed that for ethoxylated nonionic surfactants, increasing the 

temperature or decreasing the number of ethylene oxide units in the surfactant molecule 

reduced the relative affinity of the surfactant towards water. However, for anionic 

surfactants, a converse behaviour has been reported. Thus, the consequence of 
increasing the temperature could be compensated by increasing the number of ethylene 

oxide units in the surfactant molecule. It was found that the optimum solubilisation 

parameter was relatively lower for a system optimised at a higher temperature with a 

surfactant having a larger number of ethylene oxide units than for a system optimised 
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wit a lower EO units at lower temperature. Other system variables such as alcohol type 
and concentration, and salinity also affect the phase behaviour and could also be used to 
optimise the Winsor Type-III phase equilibria. 

Depending on the direction of their ultimate effect on the optimum phase boundary, 

alcohols were classified into two groups. Due to the lipophilic nature, introduction of a 
long chain alcohol to a system optimised by varying the number of ethylene oxide 
(EON) units as a function of alkane carbon number (ACN), the optimum phase 
boundary shifted towards higher number of ethylene oxide units. An increase in the 
relative phase volumes and optimum solubilisation parameters was observed when n- 
pentanol and isopentanol were added to a minimum threshold level. Increasing the 
concentration above the lower-threshold level, diluted the surfactant concentration at the 

oil/water interface which in turn lowered the relative phase volumes and hence the 

solubilisation parameters accordingly. It was also found that short chain alcohols had 
little or no effect on the optimum phase boundaries. These alcohols were normally used 
to overcome the liquid crystalline phase and enhance the equilibrium process. 

It was found that the effect of introducing salinity (NaCl) to a nonionic surfactant 

system on the optimum phase boundary was similar to that of increasing the temperature 

or introducing a long chain alcohol into the system. It was observed that like anionic 

surfactants, increasing the salt concentration in a nonionic surfactant system equilibrated 

with an organic phase, saltout the polyoxyethylene chain and increased the surfactant 

partitioning to the oil phase. However, it was found that the level of sensitivity to 

salinity was much lower in the case of nonionic surfactants. It was observed that 

increasing the salinity to a lower-threshold level, increased the solubilisation parameter 

and hence the phase volumes. Any increase beyond the lower-threshold level, had little 

effect on the optimum solubilisation parameter. 

In order to overcome the economical constraints in chemical flooding processes, it is 

necessary to develop surfactant systems which can efficiently recover oil at very low 

concentration. This economical constraint requires the research to look for new and 

novel chemicals, which are active at very low concentration. Current investigations on 

the prospects and viability of chemical flooding processes proposed that these chemicals 

must be active in the aqueous phase, even at a high temperature and electrolyte 

concentration, and exhibit extremely low adsorption in the reservoir rocks. In view of 

above economical and practical constraints, alkyl ether carboxylate surfactants have 

received a considerable attention because of their chemical and thermal stability, a high 

tolerance to mono and divalent ions, significant solubilisation and ultra-low interfacial 
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tensions, and low losses in the medium through retention in the pores of the reservoir 
rocks. As a primary surfactant, this material has exhibited a huge potential for use in 
enhanced oil recovery processes. 

As it has been demonstrated in Chapter 4 and explained in the beginning of this chapter 
that an ultra-low interfacial tension can be accomplished at lower surfactant 
concentrations, specially in the range slightly above the CMC. It was therefore decided 
to investigate the micellar and microemulsion properties of alkyl ether carboxylic acid 
surfactants especially in the range close to the CMC (see Chapter 7 and 8). Since 
carboxylic acid groups are more polar than alcohols, they can be ionised and this greatly 
increases their solubility in water. Normally this surfactant species is an acid and can be 

neutralised using a strong base, such as NaOH. For a particular hydrophobic group, it 

was found that the acidity of the surfactant solution increased with increasing the 
number of ethylene oxide units in surfactant molecule. The pKa values were therefore 
higher for surfactant solutions having a small number of ethylene oxide units and it 
decreased with increasing the EO units in the molecule. This indicated that the acidity of 
the surfactant solutions increased with increasing the EO units in the molecule. The 

results showed that the CMC values increased with the degree of ionisation and they 

were higher for salt than for acid solutions. It has been found that there is a considerable 
difference in the CMC values, and that they increase with increasing the pH and the 

number of ethylene oxide unit in the surfactant molecule. Hence either increasing the 
degree of ionisation or the number of EO units in the surfactant molecule both increased 

the interaction between the surfactant head groups and water molecules, and as result, 
the CMC increased. These results were presented in Chapter 7. 

Like nonionic surfactants, it was also found that an interrelation between the association 

of surfactant monomers '(micelle/aggregate size) and their surface and interfacial 

properties existed. As an acid, the surfactant was weakly ionised in the aqueous 

solution, and retained the best properties of nonionic surfactants i. e. it showed a higher 

sensitivity to temperature and a lower sensitivity to salinity changes only if the 

polyoxyethylene chain was long enough. It was found that the surfactant as an acid in 

aqueous solution formed neutral micelles (aggregates), which behaved like those of 

nonionic surfactants. Increasing the pH not only disintegrated the nonionic surfactant 

aggregates but also reduced their relative concentration in the solution. When the pH of 

the surfactant solution exceeded the neutral point (the concentration of NaOH required 

to neutralise the entire acid in the solution), the micelles (aggregates) formed consisted 

mostly of ionised surfactant. Thus, it can be concluded that the size of the micelles can 

be adjusted by changing pH of the surfactant solution. The results indicated that 
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increasing the pH of an acid solution has reduced the aggregate size consisting of 
nonionic species whereas the size of the micelles (aggregates) forined by ionised 
monomers increased. it was also found that by increasing the pH beyond 10, the excess 
sodium hydroxide acted as an electrolyte and a double layer formed which was 
compressed due to the reduction of mutual repulsion between the micelles and a 
reduction in the aggregate size was observed. It was observed that the aggregate size 
decreased with increasing temperature. It was found that this effect was more 
pronounced at a low pH and insignificant at a high pH when surfactant was totally 
ionised in the solution. 

It was observed that at a low pH, the effect of adding electrolyte (NTaCl) had somewhat 
complex behaviour, since the solution contained both ionised and unionised surfactant 
molecules. It was presumed that at low pH and low electrolyte concentrations, the 
attraction between the surfactant molecules reduced and a decrease in aggregate size 
was observed. Increasing the electrolyte concentration in the solution that mostly 
consisted of charged surfactant molecules, an increase in the aggregate size (micelles) 
was observed. 

It was noted that alkyl ether carboxylic acid surfactants exhibited properties of nonionic 
surfactants as an acid in the aqueous solution. Like ethoxylated nonionic surfactants, the 
solubility of these surfactants in the aqueous solution decreased with increasing 
temperature and salinity. Similarly, the cloud point temperatures of these surfactants 
were dependent on the number of ethylene oxide units in the surfactant molecules. For a 
particular hydrophobic group, it was shown that cloud point temperature of an ether 
carboxylate was highly influenced by the pH of the surfactant solution. It was found that 

cloud point temperature increased as a function of number of ethylene oxide units and 
pH of the solution. It was found that for an ether carboxylate surfactant having a 
particular ethylene oxide number, the cloud point temperature decreased with salinity 
and increased with pH to a value (pH-7 for AEC+E07) where the surfactant in solution 
was completely ionised. However, the effect of pH on cloud point became very small 
after this pH. 

As was mentioned earlier, the surface and interfacial properties of alkyl ether carboxylic 

acid surfactants are high influenced by the change in the solution pH. It was also found 

that the surface and interfacial tension were generally lowest at an acidic pH and 
increased with increasing the degree of ionisation of carboxylic head group. It was 

observed that the presence of a polyoxyethylene chain in the surfactant molecule 
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enhanced the effect of degree of ionisation, and had an additional influence on the 
increase of the surface and interfacial tensions. 

Chemical and thermal stability at a low (as an acid) to a high pH (as a sodium salt), 
greater surface activity, large micellar size and hence high solubilisation in the aqueous 
phase with pH, suggested that this material had a huge potential for recovering oil 
trapped due to capillary forces under high salinity and high temperature reservoir 
conditions. Therefore, it was necessary to investigate the phase behaviour of 
microemulsions, in particular one related to high solubilisation and ultra-low interfacial 
tension i. e. Winsor Type-III phase equilibria 

From the phase behaviour studies of pure alkyl polyether carboxylic acid surfactants, it 

was found that at low pH the surfactant was only weakly ionised and the three phase 
region was formed similar to that of pure nonionic surfactants. Like pure ethoxylated 
nonionic surfactants, an ether carboxylate surfactant as an acid, with sufficiently large 

number of ethylene oxide units was soluble in the aqueous phase and an o/w 
microemulsion with excess oil phase as a function alkane carbon number was formed at 
low temperatures. Increasing the system temperature reduced the surfactant partitioning 
in the aqueous phase and increased its partitioning into the hydrocarbon phase, and a 
three phase microemulsion phase with excess oil and brine phases was observed. 
Further increase in the system temperature shifted the maximum surfactant 

concentration into the oil phase and w/o microemulsion with an excess water phase was 
formed. Like nonionic surfactants, it was observed that the three phase region was 

narrow at low temperatures with short chain alkanes and it widened with increasing 

temperature as a function of ACN. It was also found that the effect of increasing the salt 

concentration on the optimum phase boundary was similar to that of pure nonionic 

surfactants (see Chapter 8). 

Increasing the pH of a surfactant solution ionised the charged group and hence increased 

the interaction between the surfactant head group and water molecules, therefore, the 

requirement of the salinity at a constant temperature, or the temperature at a constant 

salinity, increased accordingly. It was also found that the optimum salinity or the 

optimum temperature was also dependent on the number of ethylene oxide units in the 

surfactant molecule. The optimum salinity or the optimum temperature increased with 

increasing the number of ethylene oxide units in the surfactant molecule. 

306 



Discussion and General Conclusions 
. 

Chapter 10 

Like pure anionic and nonionic surfactants, it was found that addition of alcohols 
affected the phase behaviour in similar way for the system employing the alkyl 
polyether carboxylic acid surfactants. 

It was found that an increase in the pH of alkyl polyether carboxylic acid surfactants had 
a significant effect on the change in phase volumes, solubilisation parameters, and 
existence of minima in interfacial tensions. It was found that for a particular number of 
ethylene oxide units in the surfactant molecule, an increase in the phase volumes was 
observed when the pH of a surfactant solution was varied such that the surfactant 
changed from an acid-form to salt-form for each of the surfactant studied. It was also 
found that regardless of the number of ethylene oxide units, the highest increase in the 
optimum solubilisation parameter existed for pH values, close to the pKa values of the 
surfactant. 

Like ethoxylated nonionic surfactants, alkyl ether carboxylic acid surfactants also 
exhibited a phase inversion temperature (PIT). It was found that for ether carboxylic 
acid surfactants, the phase inversion temperature was dependent on the pH and the 
number of ethylene oxide units in the surfactant molecule. For a surfactant with a 
particular number of ethylene oxide units, the phase inversion temperature increased 

with pH and decreased with increasing salinity. It was observed that at low pH and low 

salinity, the phase inversion temperature decreased more rapidly, however, the effect 
became less significant at high pH and high salinity. 

Like anionic and nonionic surfactants, the ultra-low interfacial tension can also be 

attained with alkyl ether carboxylic acid surfactants at low as well as at high 

concentrations. However the interfacial tension measurements reported were obtained 

after contacting the unequilibrated surfactant solutions (concentration 0.05 gm/dl) with 

octane. Since the ether carboxylate surfactants contain both anionic and nonionic 

characteristics,, it was shown that the minima in IFT could be achieved either by 

increasing the temperature or salinity, or decreasing the number of ethylene oxide units 
in the surfactant molecule. However, a third and an important parameter which 

encountered in the case of ether carboxylate surfactants was its sensitivity to pH change. 
It was found that for a particular number of ethylene oxide units, the ultra-low 
interfacial tension could be obtained by increasing the temperature for a particular pH 

value compensated with a particular salinity. It was concluded that for ether carboxylate 

surfactants, the existence of minimum in IFT values and hence the optimum 

solubilisation were sensitive to pH, salinity, the number of ethylene oxide units and 

temperature of the system (see Chapter 8). 
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Though the sensitivity to salinity can be significantly improved and to some extent the 
temperature as well, it was observed that ether carboxylate surfactants still demonstrated 
dehydration with temperature. As mentioned above, this reduction of solubility with 
temperature in the aqueous solution was a characteristic of the polyoxyethylene chain in 
nonionic surfactants. It was anticipated that if ether carboxylate surfactants were mixed 
with anionic surfactants such as long chain sulfonates, the optimum salinity and 
temperature could significantly be improved. Adopting this proposition, phase 
behaviour studies were carried out by mixing the ether carboxylate surfactants, 
AEC+E02.5, AEC+E07, and Marlinate, with petroleum sodium sulfonate having an 
average molecular weight of 486. The results were presented in Chapter 9. The aim of 
this study was to find a surfactant system capable of forming three phase microemulsion 
systems at oil reservoir conditions i. e. at high temperature and salinity. These mixtures 
appear to be one way of achieving this goal. The results have shown that the system 
salinity and temperature can be improved by introducing ether carboxylate surfactants. 
However, their effect on the optimum salinity and temperature was dependent on their 

structure and composition in the mixture. For each ether carboxylate surfactant mixed 
with petroleum sulfonate, the optimum salinity at a constant temperature was dependent 

on the number of ethylene oxide units in the molecule. The higher the polyoxyethylene 
chain in the surfactant molecule the higher would be the optimum salinity. It was found 

that for each ether carboxylate surfactant studied, the tolerance to salinity could be 

improved slowly to a certain critical weight fraction in the mixture, however, after this 

composition, the optimum salinity increased linearly as a function of weight fraction of 

ether carboxylate surfactant in the mixture. This critical composition was a function of 
the number of ethylene oxide units in the surfactant molecule. For a particular 
hydrophobic group, the critical composition decreased with increasing the 

polyoxyethylene chain in the surfactant molecule. It was also found that for ether 

carboxylate surfactant with lowest number of ethylene oxide units (2.5) in the surfactant 

molecule, there was no significant difference in solubilisation parameters as compared 

to that of petroleum suffonate. However5 the effect of increasing the temperature on the 

optimum salinity increased with increasing the weight fraction in the mixture and it 

came more pronounced with increasing the number of ethylene oxide units in the 

molecules (see Chapter 9). 

Through the dynamic interfacial tension relaxation curves established using ethoxylated 

nonionic surfactants and alkanes, it was shown that ultra-low interfacial tensions could 

be achieved after contacting unequilibrated surfactant solutions having concentration in 

the range slightly above CMC with alkanes. This minima in low interfacial tension as a 
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function of surfactant structure and hydrocarbon chain length was further verified by the 
phase behaviour studies. It was also shown that ethoxylated nonionic surfactants are 
very sensitive to change in temperature whereas they have shown less sensitivity to 
variation in salinity. This property was further exploited and a model surfactant, alkyl 
ether carboxylic acid, was selected which contains both anionic as well as nonionic 
characteristics. 

The aqueous micellar and microemulsion properties studied have indicated that this 
surfactant species has an extensive potential for enhanced oil recovery processes. Even 
for a low number of ethylene oxide units, these surfactants are very active in the two- 
phase region, and remains predominantly in the aqueous phase, and its solubility in the 
aqueous phase increases with increasing pH. Like ethoxylated nonionic surfactants, they 
exhibited a minimum in the low IFT values followed by a time dependent relaxation 
behaviour either by increasing the temperature or salinity or decreasing the number of 
ethylene oxide units or the pH. The stability at low to high pH values, the ultra-low 
interfacial at low surfactant concentration at high salinity and temperature have 
demonstrated that this material has the capability to overcome the economic constraints 
and can efficiently recover oil trapped due to capillary forces from a porous media. 
However, if salinity and temperature are two adjustable parameters, the systems could 
be optimised by blending the alkyl ether carboxylated surfactants with an appropriate 

number of ethylene oxide units to a long chain anionic surfactant. 
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Appendix I 
Characterisation of Alkyl Ether Carboxylic Acid surfactants 
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Figure A. 1.1: IR spectrum of surfactant AEC+E02.5 

5 T. 62 

51.9.9 

46 . 736 

4,1D. 73 

. 21 

6. ý-5 

Iq 

311 



C 
+ 

V 

C 

4- 
C- 

V 

z 
C' 

EEO V; 

F 

F 9" E 

F 

7. 'Fi .I,:, 

L 

I- - 

r 
- CM 

- cn 

-7 

P0 H 
rl 

Co 

- Ez 

CNI 

rf) 



78.27, 

7737 
. 
58 

e3 Z, 9 

53 '51 

-4-1 

45.44 

31.37 

1IIIIIIIIIII- 
III 

iIIIIiTII -1 

'7200 2400 2000 1 C. Pl C, 

Frequency, cm- 

Figure A. 1 -3 3: IR spectrum of surfactant AEC+E04 

1200 

78.27 

737.58 

68 - 89 

64.20 

59,51 

54.82 

500.13 

45.44 

4e. 75 

3,15 
. 06 

31.37 

313 



99 

6 

00' T, 

L. 0 

u 

t7l 0 

CD 
rn 

(4-4 

ý--4 
4-a 

Cýo 

tD 

u 
LU 

-It 

c1r) 



5T - 62 

151. ýQ9 

46.36 

is. 2- 

A 

C 

C 

E 

6. F ""S 

- 

. 3a 

D 
B 

4400 '3 200 2000 i2oo 

Frequency, cm-1 

Figure A. 1.5. IR spectrum of surfactant AEC+E07 
C? 

57. 

51-99 

46. S6 

40 73 

3 ý5.10 

, ý-5 47 

12.58 

6, C; ý 

1.32 

400 

315 





57.62 

51.99 

46-36 

40.73 

t) 

o 
I. 

I 
2.47 

ý12 10 
- -Z d'- -- . 

ý--4 

iE. l 

12 

6.95 

1.54, 

11 1 
.1 111 1 

A 

B 

3200 2,1000 1200 

Frequency, cm-1 

Figure ALT IR spectra of surfactant DTA+E07 

57-61 

51.9,9 

46. S6 

0.73 

7 

7 -$4 

2.56 

6.95 

1 . 
32 

400 

317 



II- 

N 

17 

UD 

00 
-. 4 

r1r) 

Co 

0 
�-1 

ru 



Appendix 11 

Measurement of Interfacial Tension from the Dimensions of a 
Rotating Drop 

Table A. 2.1 
Shape Parameters of a Rotating Droplet (from Princen et al. 1967) 

a r/a cr 
3 

xO/r y,, /r xo/yo 

0 1.000 0 1.000 1.000 1.000 
0.05 1.017 0.0263 1.009 0.996 1.013 
0.10 1.037 0.0557 1.018 0.990 1.028 
0.15 1.058 0.0888 1.029 0.985 1.044 
0.20 1.081 0.1265 1.042 0.980 1.063 
0.225 1.095 0.1476 1.048 0.976 1.074 
0.250 1.108 0.1703 1.056 0.973 1.085 
0.275 1.124 0.1951 1.063 0.969 1.098 
0.300 1.140 0.2222 1.072 0.965 1.111 
0.325 1.158 0.2521 1.082 0.960 1.126 
0.350 1.177 0.2854 1.092 0.955 1.143 
0.375 1.198 0.3227 1.104 0.950 1.162 
0.400 1.222 0.3653 1.117 0.944 1.184 
0.425 1.250 0.4146 1.132 0.937 1.209 
0.425 1.281 0.4727 1.150 0.928 1.238 
0.475 1.318 0.5435 1.171 0.919 1.275 
0.500 1.363 0.6330 1.198 0.907 1.321 
0.525 1.421 0.7536 1.234 0.892 1.384 
0.550 1.504 0.9354 1.287 0.869 1.481 
0.555 1.526 0.9854 1.301 0.863 1.508 
0.560 1.550 1.043 1.318 0.857 1.539 
0.565 1.578 1.111 1.338 0.849 1.576 
0.570 1.611 1.192 1.361 0.840 1.621 
0.575 1.652 1.296 1.390 0.828 1.678 
0.580 1.704 1.435 1.429 0.814 1.756 

0.5825 1.737 1.528 1.455 0.804 1.809 

0.5850 1.779 1.648 1.488 0.792 1.878 

0.5875 1.836 1.817 1.534 0.776 1.977 

0.5900 1.925 2.105 1.613 0.751 2.148 

0.5910 1.986 2.314 1.669 0.734 2.275 

0.5920 2.099 2.739 1.781 0.702 2.538 
0.5922 2.150 2.944 1.834 0.688 2.667 
0.5924 2.217 3.227 1.907 0.670 2.846 
0.5925 2.289 3.555 1.990 0.651 3.059 
0.59255 2.355 3.869 2.068 0.634 3.261 
0.59257 2.412 4.161 2.140 0.620 3.452 
0.59258 
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Figure A. 2.1: The values of Xo/Yo are plotted as a function of Cr 3 from Table A. 2.2 

shown in Appendix 11. The best fit algorithm is displaced on the figure and is further used 
in Excel sheet to find Cr 3 from any value of Xo/Yo. 
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Fivure A. 2.2: The values of Xo/Yo are plotted as a function of Xo/r from Table A. 2.2 

shown in Appendix Il. The best fit algorithm is displaced on the figure and is further used 

in Excel sheet to find Xo/r from any value of Xo/Yo. 
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