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INHIBITION OF PRECIPITATION IN MIXED ANIONIC SURFACTANT
SYSTEMS. THESIS ADVISOR : ASSOC. PROF. ADRIAN FLOOD, Ph.D.,

224 PP.

SURFACTANT/MIXED ANIONIC SURFACTANTS/PRECIPITATION/
THERMODYNAMICS OF MIXED MICELLIZATION/KINETICS OF MIXD

ANIONIC SURFACTANT PRECIPITATION/INDUCTION TIME

Avoidance of precipitation of surfactants in the detergency industry is
especially important for acceptable cleaning results. An important characteristic of
anionic surfactants that is deleterious to their use in many detergency applications is
their tendency to precipitate from solutions, especially when they are used in hard
water, forming soap scum. The thermodynamic and kinetic parameters involved in the
precipitation process of the soap scum, and in particular the precipitation boundary as
the surfactant is mixed with hard water is still extremely important but these data are
quite limited in the scientific literature. Consequently, to extend the understanding of
surfactant precipitation, both in the aspects of thermodynamics and kinetics, binary
anionic surfactants were used to systematically investigate the synergistic effect to
delay the induction time of anionic surfactants precipitated by divalent ions.

The two binary systems; sodium dodecyl sulfate (NaDS)/sodium
4-octylbenzenesulfonate (NaOBS), and NaDS/sodium decyl sulfate (NaDeS) are
investigated with respect to thermodynamics and kinetics. The regular solution theory
and pseudophase separation assumptions are employed to quantify surfactant

concentrations in the micellar and monomeric phases. The thermodynamic results of



mixed micellization show that ideal mixing is seen in the NaDS/NaOBS system while
the NaDS/NaDeS system is relatively nonideal. The degree of counterion binding to
the micelle is investigated by activity measurement. The chemical equilibrium of
unbound and bound counterions during the micellization can be used to model the
fraction of counterions binding to the micelle relatively well. The general
thermodynamic properties of calcium surfactant salts are investigated to better
understanding the anionic surfactant precipitation by counterions. These
thermodynamic data will help to accurately predict the precipitation phase boundary
of anionic surfactants used in this study, when precipitated by CaCl,. The results
reveal more accurate thermodynamic data, which allows better thermodynamic
modeling of the precipitation phase boundary of single and binary mixed anionic
surfactant systems. The induction time was investigated in binary mixed anionic
surfactant systems in order to monitor the delay of the induction time. The results
show that the inhibition of anionic surfactant precipitation is due partly to the
precipitating species change as mixed anionic surfactant molar ratios are changed, and
partly due to the thermodynamics of mixed micellization change. Mixed anionic
surfactant systems also show the ability to increase the surface energy required to
create the critical nuclei at a particular range of molar ratio of binary mixed anionic

surfactant systems.
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CHAPTER I

INTRODUCTION

1.1 Introduction to Surfactants

Surfactant is short form of surface active agent, which indicates a chemical
species which is active at a surface. Surfactants can be found in many detergency
products and various other applications. It is less well known that they can be used as
an anti-caking agent for products as diverse as cement and flour (Kamoun, Jelidi, and
Chaabouni, 2003), as well as species such as lecithin, a natural surfactant which can
be used to promote the dispersion of a variety of substance powder in food products
(Schubert, 1993). Further, surfactants can increase the yield in mineral oil extraction,
stabilize cosmetic emulsions, give washed fabrics a soft feel, disinfect swimming
pods, and are the active substances in contraceptive devices (Hummel, 2000; Myers,
2006). Of course, these numerous properties cannot be achieved by just a few
chemical structures, and specific methods are required for their identification because
of the very wide range of possible surfactants.

All surfactant molecules are composed of at least two parts, one of which is
soluble in a specific fluid (the lyophilic part) and one which is insoluble (the
lyophobic part). When the fluid is water, these are generally called the hydrophilic
and hydrophobic parts, respectively. The hydrophilic part is referred to as the head

group and the hydrophobic part as the tail, as shown in Figure 1.1.



Hydrophilic
head group Hydrophobic tail

Figure 1.1 Schematic illustration of a surfactant molecule.

One characteristic feature of surfactants is their ability to adsorb at interfaces
(solid-liquid, liquid-liquid, and liquid-vapor). Another fundamental property of
surfactants is that the molecules in solution can form aggregates, so-called micelles.
The unassociated surfactant is referred to in the literature either as monomer or
unimer. Micelle formation or micellization can be considered as an alternative
mechanism to adsorption at interfaces for removing hydrophobic groups from contact
with water, thereby reducing the free energy of the system. Micellization is an
important phenomenon since surfactant molecules behave very differently when
present in micelles rather than as free monomers in the solution. Only surfactant
monomers contribute to the lowering of surface and interfacial tension, and dynamic
phenomena such as wetting and forming. The micelles may be seen as a reservoir for
surfactant monomers. The exchange rate of a surfactant molecule between micelle and
bulk solution may vary by many orders of magnitude depending on the size and
structure of the surfactant. Micelles are generally formed at a very low concentration
of surfactant in aqueous solution. The concentration at which micelles starts to form is
called the critical micelle concentration, or CMC, and it is an important characteristic

of a surfactant.



The most useful chemical classification of surfactants is made on the basis of
the charge of the polar head group with subgroups based on the nature of hydrophobe
or tail. It is common practice to divide surfactants into the four classes as follows:

« Anionic: the hydrophile is a negatively charged group such as carboxyl
(RCOO'M"), sulfonate (RSO3 M), sulfate (RSO4M"), or phosphate (ROPO3 M").

. Cationic: the hydrophile bears a positive charge, as for example the
quaternary ammonium halides (R4N*"X"), where the four R -groups, may or may not
be all the same (they seldom are), but will usually be of the same general family.

« Nonionic: the hydrophile has no charge, but derives its water solubility
from highly polar groups such as polyoxyethylene (POE or R-OCH,CH,0-) or R-
polyol groups, including sugars.

« Amphoteric (and zwitterionic): the molecule contains, or can potentially
contain, both a negative charge and a positive charge, such as the sulfobetaines

RN*(CH3).CH2CH,SO5

Most ionic surfactants are monovalent but there are also important examples
of divalent anionic amphiphiles. For ionic surfactants the choice of counterion plays a
significant role in physicochemical properties. Most anionic surfactants have sodium
as a counterion but other cations, such as lithium, potassium, calcium, and protonated
amines, are used as surfactant counterions for speciality objectives. The counterion of

cationic surfactants is usually a halide or methyl sulfate.



1.2  Significance of the Problem

A significant characteristic of anionic surfactants which can be deleterious to
their use is the tendency to precipitate from aqueous solutions by counterions.
Avoidance of anionic surfactant precipitation by counterions is crucial in many
applications of surfactants especially in the detergency industry. One condition that
can cause anionic surfactant to precipitate is hard water (water containing multivalent
cations) since divalent cation salts of surfactants tend to have very low solubility
products (Ksp). Precipitation of surfactants due to hard water can be unfavorable in
laundry detergency applications, where precipitated surfactant is not available for
participation in the cleaning cycle. Conversely, precipitation of surfactant can be
advantageous in other applications, such as enhanced crude oil recovery in oil
reservoirs, as it is the basis of a waterflooding technology (Gale, Saunders, and
Ashcraft Jr, 1976) and surfactant recovery from surfactant-based separations (Vanjara
and Dixit, 1996; Wu, Christian, and Scamehorn, 1998). Due to the precipitation
behavior of anionic surfactants, the ability to manipulate this behavior is greatly
significant.

Nevertheless, precipitation behavior can be manipulated most when not
dealing with an individual surfactant system but with a mixture of surfactants. There
have been many studies suggesting that using mixed surfactants will cause a delay in
surfactant precipitation (Rodriguez and Scamehorn, 1999, 2001; Soontravanich S.,
and Scamehorn, 2010; Soontravanich S., Walsh, Scamehorn, Harwell, and Sabatini,
2008; Stellner and Scamehorn, 1989), and that the use of surfactant mixtures
generally can have more synergism than the use of a single surfactant (Holland and

Rubingh, 1992; Jost, Leiter, and Schwuger, 1988; Kume, Gallotti, and Nunes, 2008;



Li F., Li G.-Z,, and Chen, 1998; Rosen, 1991). Consequently, the understanding of
precipitation phenomena which involves thermodynamics of mixed surfactants and
kinetics of mixed surfactant precipitation is of great importance to practical
applications of surfactants.

There has been considerable research on the thermodynamics of mixed
surfactant systems, but only a few investigations of the kinetics of mixed surfactant
precipitation in spite of the fact that several practical surfactant applications may be
away from the equilibrium. Because the enormous majority of surfactants applied in
industry or consumer products are mixtures of surfactants, the effect of mixed
surfactant composition on precipitation kinetics has essential consequences for their
applications.

Previously, measurements of the kinetics of surfactant precipitation for both
single and mixed systems was performed through calorimetry (Rodriguez, Lowery,
Scamehorn, and Harwell, 2001; Rodriguez and Scamehorn, 2001), stopped-flow
spectrometry (Clarke, Lee, and Robb, 1976), and conductivity (Lee and Robb, 1979)
but that only gave the mass crystallization rate, not the nucleation rate or growth rate.
Hence, it is beneficial to measure Kkinetic and thermodynamic properties of
crystallization directly, as these are quite limited in the surfactant precipitation area
currently. It has been noted that there is precipitation inhibition in mixed systems, but
it is not clear whether this inhibition is due to (i) changes in precipitation phase
boundaries, (ii) changes in concentrations of the individual surfactants with the phase
boundaries staying the same, or (iii) inhibition of nucleation. The main part of the
thesis is to determine which mechanism is responsible for the inhibition. These

rationales raise the author to address the fundamental significance and practical



importance in studying kinetics and thermodynamics of precipitation of anionic

surfactants by divalent counterions as the research objectives proposed here.

1.3 Research Objectives

This thesis research will use experimental and modeling work to
thermodynamically and kinetically investigate this inhibition of precipitation using
both individual and mixed systems of anionic surfactants as follows:

1.3.1 To investigate thermodynamics of binary mixed anionic surfactant
systems in the intermicellar solutions. The nonideality models known as regular
solution theory and the assumption of pseudophase separation theory will be used to
thermodynamically treat the binary mixed micellization of anionic surfactants
employed in this research.

1.3.2 To investigate the effect of mono- and divalent counterions on the
thermodynamics and kinetics of precipitation of single and binary mixed anionic
surfactant systems. The experimental measurement of activity of counterion species in
the intermicellar solution will be directly probed by the activity measurement via ion-
specific electrodes. Modeling work will be also introduced in order to improve the
earlier models of the thermodynamics and kinetics of anionic surfactant precipitation
both for single and binary mixed anionic surfactant systems.

1.3.3 To investigate the thermodynamic properties of calcium surfactant
salts such as, solubilityy, CMC, Krafft temperature, and energy required for
dissolution. As well, this research will provide improved thermodynamic models of
the precipitation phase boundary for anionic surfactants with divalent ions both in

single anionic surfactant systems and in binary mixed anionic surfactant systems. The



models will be applied to investigate the induction time for precipitation of anionic
surfactants used with the addition of calcium ions, and also the prediction of
nucleation rate and other related kinetic parameters to investigate the causes of
inhibition of precipitation in mixed anionic surfactants.

1.3.4 To address the mechanisms of inhibition in precipitation of mixtures of
anionic surfactants; whether this inhibition is due to (i) changes in precipitation phase
boundaries, (ii) changes in concentrations of the individual surfactants with the phase
boundaries staying the same, or (iii) inhibition of nucleation, by the use of

thermodynamic and kinetic experimental studies.

1.4 Scope and Limitations

1.4.1 Thermodynamic Properties of Anionic Surfactant Precipitation

Thermodynamic properties of calcium salts of surfactant are required
in order to model the precipitation phase boundaries of anionic surfactant
precipitation with calcium chloride. The model accuracy is verified by the quantitative
elemental analysis using spectroscopy instruments. The thermodynamic models from
earlier studies will be improved by additional experiments here, possibly relating to
modeling of the micelle formation and composition. Together with the experimental
work, modeling will be used to investigate the effect of counterions on the

micellization by using the activity measurement.



1.4.2 Kinetic Properties of Anionic Surfactant Precipitation

The investigation of induction time for anionic surfactant precipitation
will be performed to study the inhibition in mixed anionic surfactants system at
specific temperatures by a turbidity device using the change of light intensity during
the precipitation phenomenon. The estimation of nucleation rate and other kinetic
parameters will be only predicted through the relationship with induction time and the
degree of supersaturation from classical homogeneous nucleation theory. This is
because there is some difficulty to experimentally measure the nucleation rate in a
conventional laboratory as the induction time is relatively fast and the nucleation rate
is extremely high in single anionic surfactant systems and mixed anionic surfactant

systems at some specific molar ratios of surfactant compositions.
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CHAPTER II

THERMODYNAMICS OF BINARY MIXED ANIONIC

SURFACTANT SYSTEMS AND THE EFFECT OF

COUNTERION BINDING TO THE MICELLE

2.1 Abstract

Properties of the anionic surfactants sodium decyl sulfate (NaDeS), sodium
dodecyl sulfate (NaDS), and sodium 4-octylbenzenesulfonate (NaOBS) have been
determined in both single and binary aqueous systems. Regular solution theory has
been used to thermodynamically treat the micellization of mixed anionic surfactants.
The model shows a satisfactory prediction of the critical micelle concentration (CMC)
of surfactant mixtures together with providing equilibrium compositions in
monomeric and micellar phases. The mixed micelle is ideal for the NaDS/NaOBS
mixture, not surprising given the similarity in structure. The NaDS/NaDeS mixture is
slightly nonideal (having attractive interactions in the micelle) with the nonideality
probably being due to the difference in the number of carbon atoms in the backbone
of the surfactant molecule. The effect of the counterion on the CMC of anionic
surfactants has been measured for the pure surfactants. Experimentally, the CMC of
the anionic surfactant depends on the concentration of the monovalent cations present
in the solution, and can be described by the Corrin-Harkins relationship, while the

dependence of the CMC on the concentration of the trace divalent cations is far less
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significant. Moreover, the behavior of counterion binding to micelle of anionic
surfactant system is investigated quantitatively. Experimentally, the counterion
binding of sodium to the micelle is influenced by the calcium ion concentration, and
vice versa. However the total degree of counterion binding is essentially constant at
approximately 0.65 charge negation at the micelle’s surface. The counterion binding
coefficients can be quantitatively modeled using a simple equilibrium model relating

concentrations of bound and unbound counterions.
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2.2 Introduction

Practical applications of surfactants such as their use in cleaning and
household products usually involve surfactant mixtures. Surfactants used in
commercial applications, for instance sodium alkyl sulfates, are mixtures of
homologous anionic surfactants, unreacted raw materials, and by-products. In
addition, in many applications surface-active materials are mixed to create synergism
due to the presence of the second surfactant (Stellner and Scamehorn, 1989b). The
largest synergies appear to be in mixtures of ionic and nonionic surfactants (Haque,
Das, Rakshit, and Mouliks, 1996; Soontravanich S., Munoz, Scamehorn, Harwell, and
Sabatini, 2008; Vora, George, Desai, and Bahadur, 1999) rather than in mixed ionic
surfactant systems, however a number of researchers have investigated interactions
between surfactants in the micellar phase for ionic/ionic systems (Bakshi, et al., 2002;
Cui and Canselier, 2001; Lopez-Fontan, Suarez, Mosquera, and Sarmiento, 2000;
Tsubone, 2003; Vora, et al., 1999). Regular solution theory has been shown to be a
reasonable model to predict the interactions between binary and multicomponent
surfactant mixtures (Holland and Rubingh, 1983; Rubingh, 1979). The regular
solution model does not provide a means to deal with the effect of counterion binding
to the micelle, however the model shows a satisfactory ability to model the critical
micelle concentration (CMC) of surfactant mixtures together with their compositions
in the micelle (Haque, et al., 1996; Hoffmann and Pdssneck, 1994; Lopez-Fontan, et
al., 2000; Schulz, Rodriguez, Minardi, Sierra, and Morini, 2006). Only a few studies
have reported the degree of dissociation and/or binding of counterions to the micelle
(Bandyopadhyay and Moulik, 1988; Podchasskaya and Us’ yarov, 2005; Rathman and

Scamehorn, 1984, 1987; Sasaki, Hattori, Sasaki, and Nukina, 1975; Srinivasan and
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Blankschtein, 2003; Talens-Alesson, 2007). However, there are still no definitive
results due to differences in values measured by different experimental techniques,
and the exact theoretical definition of counterion binding is not uniform. Thus, this
work aims to provide experimental data and modeling of the data with the regular
solution model to thermodynamically predict the micellization behavior of systems
with the mixed binary anionic surfactants used. The effect of the counterion on the
micelle and the counterion binding to the micelle are investigated by the use of ion-
selective electrodes to directly measure the activity of the ionic species present in the
bulk solution; these results can then be used with the micellization model to predict
the degree of counterion binding.

Furthermore, the work presented here can be used to improve the
thermodynamic modeling of micellar systems so as to better understand the activities
of the monomer surfactant in the solution phase (which requires accurate modeling of
the CMC as a function of the state of the solution, and the composition of the
micelle), and the activity of the counterions in the solution phase (which requires
accurate knowledge of counterion binding to the micelle). One example use would be

for modeling both solubility and degree of supersaturation in surfactant systems.
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2.3 Theory

2.3.1 Adsorption of Surfactants at Interfaces
The amount of surfactant absorbed per unit area of interface for a
binary surfactant mixture can be calculated using the Gibbs adsorption equation

(Rosen, 2004):

1 dy
I =—
' 2.303nRT (d log C, ]T ) 1)

where T is the surface excess concentration, defined as the excess amount of
surfactant (i.e. surfactant 1 + surfactant 2) per unit area of interface, compared to that
present in a reference system in which the bulk concentrations of the two surfactants
remain uniform up to the hypothetical interface. The parameter n is the number of
moles of the solute species; for mixtures of two different surfactants, the value of n is
equal to nmix = NXa+ NiX2 , Where ny and n, are the n values for individual surfactants
1 and 2 of the mixture and x; and x, are the mole fraction of the surfactant at the
interface. R is the gas constant and T is the absolute temperature. y is the surface
(interfacial) tension, and C; is the total concentration of surfactant in the bulk solution.

The area per molecule at the interface gives qualitative information on
the degree of packing and the orientation of the absorbed surfactant molecules when
compared with the dimensions of the molecule obtained with molecular models. The

value of the mean molecular area a,, (A?), can be calculated from the equation:
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1016
a =
v 2.2)

where N is Avogadro’s number and Ty is the surface excess concentration (mole/cm?).

Moreover, the surface free energy (G ) can be calculated from the parameters
determined above; the equation, proposed by Sugihara et al. (2003), has been
described as the thermodynamic quantity for the evaluation of synergism upon

mixing.

Gin = 8nZamc N (2.3)

Sugihara defines G8) as the minimum free energy of the surface assuming full

adsorption of the surfactant molecules.
2.3.2 Regular Solution Theory

For several decades, regular solution theory has been employed to
model the thermodynamic nonidealities of mixed surfactant systems in both
ionic/ionic systems (Haque, et al., 1996; Hoffmann and Pdssneck, 1994; Ldpez-
Fontan, et al., 2000; Schulz, et al., 2006) and ionic/nonionic systems (Haque, et al.,
1996; Soontravanich S., et al., 2008; Vora, et al., 1999) of surfactants and it has been
shown to be able to accurately model CMC values (Kakehashi, Shizuma, Yamamura,
and Takeda, 2004) and the micelle-monomer equilibrium compositions
(Soontravanich S., et al., 2008; Vora, et al., 1999). Regular solution theory was first
introduced to binary and multicomponent amphiphile systems by Rubingh (1983;
1979). When the effect of counterion binding to the micelle on the micelle

composition is negligible (Nishikido, 1993) the pseudo phase separation model and
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regular solution theory has been widely used for the analysis of this type of
experimental data.

The pseudophase separation model assumes that micelles are a
separate phase that forms at concentrations above the CMC, which represents the
saturation concentration for monomeric surfactants. A mixture of two different
surfactants can be in the monomeric form at the compositions o1 and a, in
equilibrium with micelles that have composition X; and X,. Mole fractions are on a

surfactant-only basis, consequently:

X1+ X, =1 (2.4)

at+tom=1 (2.5)
At the CMC:

a,7,,CMC, = X 7, wCMC,, (2.6)

@,7>nCMC, = X,7,,,CMC,, 2.7)

where y%m and yxm are activity coefficients of surfactant i in the monomeric and
micellar solutions respectively, CMC; is the CMC of the pure surfactant (i = 1, 2) and
CMCy is the CMC of the mixed system. In the case of binary nonideal mixtures of
components modeled using regular solution theory, a molecular interaction parameter

(Bm) is introduced and the activity coefficients in the mixed micelles are given by:



18
Vim = eXpr X22) (2.8)

Vom = eXp(:BM Xlz) (2.9)

The parameter Sy is known as the regular solution theory interaction
parameter in kgT units, where kg is the Boltzmann constant and T is the temperature in
units of Kelvin. The interaction parameter is a measure of the interaction between two
different surfactants in the mixed micelle, which is a measure of degree of
nonrandomness or nonideality in the mixing of the components within the micelle.
A high negative value of Sy indicates a strong attractive interaction between the two
different surfactants in the micelle (Vora, et al., 1999), while a positive value of Sy
indicates repulsive interactions, whereas Sy = 0 indicates an ideal mixture in the
micelle. In other words, a high negative value of Sy favors the formation of mixed
micelles in a mixed surfactant system. The value of the interaction parameter can be

estimated from following equation:

X2 In(e,CMC,, / X,CMC,)

F = -1=0 (2.10)
@1-X,)?In((1-,)CMC,, /(1 X,)CMC,)

This requires solving iteratively for X; at the CMC and Sy can be then calculated

directly by the following expression:

In(e,CMC,, / X,CMC,)
(1_ Xl)

Py = (2.11)
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In the regular solution treatment of mixed micelle formation, the CMC value of a
binary surfactant mixture is related to those of pure components by:

-1
a, a,

+
YARY CMC, Vam CMC,

CMC,, = (2.12)

For the ideal behavior, the activity coefficients ;1 = »m = 1 and equation (2.12)

becomes:

-1
cMmc,, =| - % (2.13)
CMC, CMC,
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2.4  Experimental Procedure

2.4.1 Materials

Sodium dodecyl sulfate (NaDS) was purchased from Carlo Erba with
purity greater than 92%. Sodium 4-octylbenzene sulfonate (NaOBS) was purchased
from Aldrich with purity greater than 97%. These two anionic surfactants were further
purified by twice recrystallizing using deionized water and methanol, respectively.
They were dried over silica gel at room temperature for 24 hours. Sodium decyl
sulfate (NaDeS) was purchased from Fluka with purity greater than 99% and was
used as received without further purification. Reagent grade sodium chloride (NacCl),
with purity greater than 99.5%, was purchased from Merck and was used as received.
Calcium chloride dihydrate (CaCl,-2H,0), analytical reagent grade with purity greater
than 98.0%, was purchased from Sigma-Aldrich and was used as received. Deionized
water (18 MQ-cm) was used to prepare all aqueous samples throughout the
experiments.

2.4.2 Determination of Critical Micelle Concentration of Surfactant
Mixture (CMCy)
2.4.2.1 Surface Tension Measurement
Measurements of the effect of binary anionic surfactant on the

CMC of surfactant mixtures were carried out by surface tension measurement using a
Wilhelmy plate type tensiometer. Pure NaDS solutions were prepared covering a
range both below and above the CMC. In addition, mixed anionic surfactant solutions
were prepared for NaDS/NaOBS and NaDS/NaDeS at different molar ratios. Surface
tension was measured at 30°C for the systems NaDS(1)/NaOBS(2) and

NaDS(1)/NaDeS(2) at compositions of x; = 0.25, 0.50, and 0.75 (on a solvent-free
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basis). The surface tensions of the pure NaDS, NaOBS and NaDeS systems are
already well characterized in the literature. Surface tension measurements were used
to determine the CMC at a break in the surface tension versus surfactant concentration
plot. The surface tension was performed by a Kriss (K10ST model) tensiometer
equipped with a platinum plate. Equilibration times in the case of surfactant mixtures
can be quite long as noted in an earlier study (Lunkenheimer and Wantke, 1981).
Samples were held to equilibrate at 30°C until the surface tension on the digital
reading display stabilized and measurements were taken every 15 minutes until three
subsequent readings matched. The value of the final reading at three hours after the
mixing would be used in the case that the reading shown on the display has not
stabilized by that time.
2.4.2.2 Conductivity Measurement

The effect of counterions on the CMC of NaDS was
investigated by a conductimetry technique. Conductivity was used to monitor the
effect of counterion presence on the CMC in the intermicellar solution and also the
CMC of pure NaDS, NaOBS, and NaDeS solutions. For the effect of the sodium ion
on the CMC, a fresh (to avoid NaDS hydrolysis) stock NaDS solution above the CMC
was prepared. Conductivity was measured by an inoLab Cond Level 2 conductivity
meter with a 4-cell conductivity epoxy probe, both with and without NaCl, at 10, 30,
and 50°C. Measurements were performed in a 300-mL vessel with jacket, the system
temperature was maintained by a temperature-controlled water bath. For the effect of
calcium ions on the CMC, a fresh stock NaDS solution above the CMC was prepared
with varying CaCl, concentration, with NaDS and CaCl, concentrations being such

that the system always lies below the precipitation phase boundary. The
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concentration at the point that the slope is discontinuous in the evolution of
conductivity as a function of NaDS concentration is the CMC of the system. The
relationship between CMC and unbound sodium ion concentration can be
demonstrated on logarithmic scale at specific temperature as proposed by Corrin and

Harkins (1947):

IN[CMC] =-K, — K In[Na"],,, (2.14)

where Kj is a constant determining the CMC in solutions having an unbound sodium
ion concentration of 1 molar (a reference state) and Ky which determines the effect of
the unbound sodium ion on the CMC. This expression provides a correction for the
monomer surfactant concentration at the CMC as the concentration of the counterion
in the solution varies. The unbound sodium ion concentration, [Na']um, in the
Corrin—Harkins plot is defined as the amount of [Na'] dissociated from NaDS
molecules at the CMC plus [Na'] present due to NaCl and other sodium salts present
in the system.
2.4.3 Activity of Counterion Measurement

Activity measurements were carried out by ion selective electrodes
(ISE) at 30°C. Sodium- and calcium-specific electrodes were used to measure the
response in intermicellar solutions containing dissociated sodium ions and dissolved
calcium ions. Electrodes were checked periodically by measurement of solutions of
NaCl and CaCl, of known ion activities before their use to test the electrode reliability
with regards to the Nernst equation. The response of the sodium-specific electrode

was obtained by the VWR sympHony sodium ion selective glass combination
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electrode (Na-ISE) where mercury(l) chloride (calomel, Hg,Cl,) solution was the
internal reference solution. Mercury (I) chloride was purchased from VWR Scientific
International (UK). The response of the calcium-specific electrode (Ca-ISE) was
obtained by a Cole-Parmer calcium ISE electrode double-junction, where a potassium
chloride solution was the internal reference solution and was purchased from
Cole-Parmer Instrument Company (USA). The electromotive force (EMF) from the
electrodes were registered by an accumet AB15+ pH/mV benchtop meter with an
ATC probe purchased from Cole-Parmer (USA). A fresh stock solution of NaDS
above the CMC was prepared to avoid hydrolysis of the NaDS. Specific
concentrations of NaDS solutions without the presence of CaCl, were prepared by
addition of deionized water. The sodium ion in the intermicellar solution was
monitored by a sodium electrode. For NaDS solutions containing CaCly, the solution
was diluted using a CaCl, solution at the same concentration level as present in the
NaDS solution to maintain a constant divalent ion concentration as the solution
background while the NaDS was diluted continuously. The response from the
calcium electrode was registered by an ion meter until the solution passed below the
CMC as the solution concentration decreased. The activity measurement was
performed in a 300-mL jacketed vessel with the system temperature being held
constant at 30°C by a temperature-controlled water bath and monitored by an ATC
probe. The solution was agitated by a magnetic stirrer with a constant rotational
speed. EMF can be used to calculate the activity of ion species of interest through the
use of the Nernst equation. The activity of sodium and calcium ions (a) was

calculated using the following equation (Bockris and Reddy, 1970):
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0.4343F
a =

=T (B -Ey) (2.15)

where F is the Faraday constant, R is the universal gas constant and T is the absolute
temperature. E; is the EMF of the solution at any moment and E;, is a constant
depending on the type of reference electrode and the filling solution. The value of E;
can be determined by projecting the following equation backward to the intercept
(Robinson and Stokes, 1959):

_ 0.4343F

A, TEi —log[C, ] (2.16)

where C; is the concentration of cation of interest, so at the intercept (C; = 0),

RT

Eio= -lim A (2.17)
0~ 0.4343F c-0

The plot of activity of sodium ions in the intermicellar solution as a function of
surfactant concentration can be used to predict the degree of counterion binding to the
charged surface of the micelle surface. Also, the activity of calcium ions in the
intermicellar solution at different CaCl, concentrations in solution can be used to

predict the degree of calcium ion binding to micelle.
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2.5 Results and Discussion

2.5.1 Measurement of CMC and Micelle Composition in Mixed

Surfactant Systems

Typical plots of surface tension vs. logarithmic total surfactant
concentration (log C;) are shown in Figure 2.1 at 30°C and varying mole fractions;
NaDS(1)-NaOBS(2) mixtures are shown in Figure 2.1(a) and NaDS(1)-NaDeS(2)
mixtures in Figure 2.1(b). It is seen that the surface tension decreases monotonically
with increasing surfactant concentration in all pure and mixed systems at low
concentrations. At the CMC there is a discontinuous change in slope in the surface
tension curve due to the formation of micelles. It should be noted that the slope above
the CMC for the mixed systems shows a slight increase in surface tension, which
indicates a change in composition and possibly excess surface concentration at the
air-liquid interface (Kakehashi, et al., 2004; Sugihara, Nagadome, Oh, and Ko, 2008).
The surface tension of the pure NaDeS solution is higher than that of NaDS because
efficiency in the surface tension reduction increases as the number of carbon atoms in
the hydrophobic group decreases (Rosen, 2004).

The surface excess according to the Gibbs adsorption isotherm can be
estimated from the slope of the relationship between surface tension and the total
surfactant concentration at concentrations just below the CMC. Data related to the
surface energy, mean molecular area, and minimum surface free energy are tabulated
in Table 2.1. The surface excess changes slightly with variations in the mole fraction.
In addition, the value of the mean molecular area, a has been calculated in this work.
The lower the value of surface energy, the more thermodynamically stable the surface

which is formed (Sugihara, et al., 2003).
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Table 2.1  Typical thermodynamic data of micellization for two mixed systems of

NaDS: (a) with NaOBS; (b) with NaDeS in aqueous solution at 30°C.

System @ CMC | ymc I't am Gon
(mM) | (mN/m) | (10° mole/m?) | (A%molecule) | (kJ/mole)

NaDS/NaOBS | 0.00 | 12.6° 40.9 3.45 48.2 1.19
0.25 | 10.7 315 4.05 41.0 0.78

0.50 | 9.70 34.3 2.58 64.4 1.33

0.75 | 8.50 36.3 2.87 57.9 1.27

1.00 | 7.83" 38.7 3.02 55.0 1.28

NaDS/NaDeS | 0.00 | 31.6° | 36.0 3.14 52.9 1.15
0.25 | 145 33.2 5.56 29.9 0.60

0.50 | 9.80 32.8 5.55 29.9 0.59

0.75 | 8.40 34.9 4.43 37.5 0.79

1.00 | 7.83° | 387 3.02 55.0 1.28

Remark: * Data for the pure systems (Dao, Bee, and Treiner, 1998; Hines, 1996;

Tsunoda and Sasaki, 1963).
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Figure 2.1 Plots of surface tension () as a function of logarithmic concentration
(log Cy) at 30°C. (a) represents the NaDS/NaOBS system and the
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system and the two related pure systems.
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2.5.2 Fitting of Experimental CMCs with Regular Solution Theory and

Prediction of Micelle Compositions

Experimental data for the CMC as a function of the surfactant
composition of the mixtures are shown in Figure 2.2(a) for NaDS/NaOBS, and 2.3(a)
for NaDS/NaDeS. Figures 2.2(b) and 2.3(b) show the mole fraction of NaDS in the
micellar phase (X1) as a function of the mole fraction of NaDS in the liquid phase on a
solvent-free basis (o) at 30°C for the systems NaDS/NaOBS and NaDS/NaDeS
respectively. Thermodynamic parameters for the binary mixed anionic surfactant
systems are tabulated in Table 2.2.

Regular solution theory provides a powerful tool to treat nonideal
binary anionic surfactant mixtures resulting in a good model for the CMC values in
both systems studied here. The regular solution interaction parameter is normally
assumed to be constant over the entire range of composition (Holland and Rubingh,
1983) but may have a dependence on temperature (Treiner, Khodja, and Fromon,
1987). In some instances, the interaction parameter has been dependent on micellar
composition (Crisantino, Lisi, and Milioto, 1994; Holland and Rubingh, 1983; M.J.
Rosen and Zhao, 1983; Shiloach and Blankschtein, 1998; Treiner, et al., 1987). Thus,
the interaction parameter is normally determined as the mean value across a range of
composition (Schulz, et al., 2006). The interaction parameters can be approximated
from a series of equations by Rubingh’s approach, which is described earlier in the
theoretical section. The best fit for the interaction parameters are 0.00 + 0.1 and
-1.05 + 0.2 for the NaDS/NaOBS and NaDS/NaDeS systems respectively. Given the
uncertainty in interaction parameter, the NaDS/NaOBS system acts as an ideal

mixture.
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Table 2.2 Thermodynamic parameters of mixed micellization obtained from regular

solution theory for anionic/anionic surfactant systems

in aqueous solution at 30°C

System a X1 M Yom B Fitted

NaDS/NaOBS | 0.00 | 0.0000 - 1.0000 - =
0.25 | 0.3467 | 1.0000 | 1.0000 -0.0815
0.50 | 0.6089 | 1.0000 | 1.0000 +0.1207 | 0.00+£0.1
0.75 | 0.8237 | 1.0000 | 1.0000 -0.1397
1.00 | 1.0000 | 1.0000 - -

NaDS/NaDeS | 0.00 | 0.0000 - 1.0000 -
0.25 | 0.5688 | 0.8226 | 0.7120 | -0.9129
0.50 | 0.9045 | 0.9905 | 0.4238 | -1.3639 |-1.05%0.2
0.75 | 0.9703 | 0.9991 0.3506 -1.3835
1.00 | 1.0000 | 1.0000 - -

A negative interaction parameter indicates attractive interactions in the

mixed micelle in the NaDS/NaDeS system, and with no interaction between the DS

and OBS " ions in the mixed micelle since the interaction parameter is essentially zero.

The latter result has been reported elsewhere (Soontravanich S., and Scamehorn,

2010). DS and OBS tails have similar size; although the former is totally aliphatic

while the latter has an aromatic portion. In this case, this aliphatic-aromatic difference

does not affect the ideality of the mixture with respect to micelle formation.

Although the only difference between DS™ and DeS’ is a difference in length of two

carbon atoms in their tail, mixtures of homologous surfactants have been proven to be

nonideal (Schulz, et al., 2006) and so the non-ideality in the NaDS/NaDeS system is

not surprising. The in-depth study and literature review reported by Schulz, et al. (2006)
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shows that the interaction parameter is always negative, i.e. introducing disorder into
the micelle by varying chain length of the surfactant improves the ability to form
micelles. However, the absolute value of the interaction parameter found here is rather
large, about a factor of 2 larger than for typical homologous anionic surfactants
differing only by two carbon units. We do not have a good explanation for this large
negative interaction parameter.

Regular solution theory also can be used to calculate equilibrium
surfactant compositions in the monomeric and micellar phases. The compositions of
the mixed micelle as a function of the singly dispersed molecules for the two systems
are shown in Figure 2.2(b) and 2.3(b). In systems with a negative value of the
interaction parameter the phase equilibrium diagram will have a positive deviation
from the ideal line due to the cohesive forces of like molecules.

However the CMC values vary over a wide concentration range at a
specific temperature when electrolyte concentration is varied. Further, determination
of the CMC is not without uncertainty, and the uncertainty differs depending on the
method used. Further, small amounts of impurities can alter the CMC as well by
inducing micellization. The CMC value of NaDS in aqueous solution at 30°C has
been given in the range of 0.0067-0.0082 M depending on the method used, including
values of 0.0071 M by calorimetry (da Silva, Loh, and Olofsson, 2004),
0.0076-0.0079 M by activity measurement via ISE (Sasaki, et al., 1975; Umlong and
Ismail, 2007), 0.0067-0.0078 M by tensiometer (Rodriguez, Lowery, Scamehorn, and
Harwell, 2001; Umlong and Ismail, 2007), 0.0080 M by a light scattering technique
(Winnik, Bystryak, Chassenieux, Strashko, Macdonald, and Siddiqui, 2000), and

0.0078-0.0081 M by conductimetry (Dutkiewicz and Jakubowska, 2002; Umlong and
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Ismail, 2007) at 25-30°C. The range of measured CMC values for the NaDS system is
partly due to the problem of hydrolysis of NaDS (Hines, 1996; Lunkenheimer and
Czichocki, 1993; Mysels, 1986).

The plots of the evolution of solution conductivity as a function of total
surfactant concentration for NaDS, NaOBS and NaDeS at 30°C are shown in
Figure 2.4 to Figure 2.6. If the conductivity is plotted against the surfactant
concentration, the point that the slope is discontinuous is the CMC for the measured
surfactant system. The break in the curve is due to the reduction in the conductivity of
the solution due to a fraction of the dissociated ionic species being neutralized after
the commencement of micellization. The CMC values for aqueous solutions of NaDS,
NaOBS, and NaDeS are 0.0079, 0.0122, and 0.0320 M respectively at 30°C. The
experimental CMC values by conductivity method are consistent with other values in

the literature (Dao, et al., 1998; Hines, 1996; Tsunoda and Sasaki, 1963).
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2.5.3 The Effect of Counterions in Solution on the CMC

Previous studies have shown that the CMC of anionic surfactants
depends strongly on the concentration of monovalent counterion present in the bulk
solution (Bockris and Reddy, 1970; Dutkiewicz and Jakubowska, 2002; Stellner and
Scamehorn, 1989a), but trace divalent cations by experiment were assumed to have no
significant effect on the CMC (Rodriguez and Scamehorn, 1999; Shinoda, Nakagawa,
K., and Shinoda, 1963; Stellner and Scamehorn, 1989a). The effect of the unbound
sodium ion concentration on the CMC of NaDS at different temperatures is shown in
Figure 2.7, and the effect of the calcium ion on the CMC is shown in Figure 2.8.

The plots show that the CMC depends strongly on the unbound sodium
ion concentration as described by the Corrin-Harkins relationship, but depends only
slightly on the calcium ion concentration at the low to moderate concentrations used

in the present study, as also noted in a previous study (Shinoda, et al., 1963).
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The Corrin-Harkins parameters for the dependence of the CMC on the
sodium ion concentration can be estimated from the intercept and slope of the plots in
Figure 2.7. Kq is equal to 0.618, 0.599, and 0.625 for 10, 30, and 50°C, respectively.
Previously, this parameter is only available in the literature at 30°C, thus this study
has increased the range of knowledge about this parameter. Stellner and Scamehorn
(1989a) reported K; = -8.513 and Ky = 0.698 while Rodriguez and Scamehorn (1999)
reported K; = -8.317 and Ky = 0.704. It should, however, be noted that K is relatively
constant throughout the range of temperature examined: thus, an average value is
commonly used. Our average Ky value is slightly lower than in the literature;
however, it does not make a significant difference in surfactant partitioning between

monomer and micelle, as shown by Figure 2.9.
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Figure 2.9 Plots of dissociated species concentration of NaDS in aqueous

solution at 30°C predicted by several proposed data.
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Plots such as that shown in Figure 2.7 can be used to determine the K;
parameter in the Corrin-Harkins equation as a function of temperature. The plots of K
and the CMC (determined by the conductivity method) of NaDS as a function of
temperature are shown in Figure 2.10. Consequently, the CMC value can be predicted
over a range of temperature and are relatively consistent with the previous study

(Shah, Jamroz, and Sharif, 2001).
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Figure 2.10 Critical micelle concentration and K; parameter as a function

of temperature for NaDS in aqueous solution.
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2.5.4 Measurement and Modeling of Counterion Binding to the Micelle
The degree of counterion binding to the micelle is defined as the ratio
of amount of neutralized charges in a micelle to the total amount of surfactant
molecules in the micellar phase (Stellner and Scamehorn, 1989a). Hence the
fractional bindings of sodium and calcium ions to the anionic surfactant micelle are

defined as follows:

_[Na'ly ~[Na'l,, _[Na'l,

unb

Pra: NaSl, —[5 L. IS 1a (2.18)
ﬂ — 2([Ca2+]tot _[Ca2+]unb)_ 2[C:az-*—]b (219)

[Nas]tot _[S_]mon - [S_]mic

where [Na‘], and [Ca®*], are the bound counterion concentrations, [Na‘Ju and
[Ca*]um are the unbound counterion concentrations, [NaSliot, [Smon, @and [SImic are
the total anionic surfactant, anionic surfactant concentration in the solution phase
(as monomers), and in the micellar phase, respectively. The fraction of charge
negation due to the calcium ion binding to the micelle is twice that of the sodium ion
according to the charges neutralized by the calcium ion, and this is taken into account
in the definition of the counterion binding parameter.

The activity of the sodium and calcium ions is obtained from equations
(2.15) - (2.17). The extrapolations to obtain the parameter E;,, required for the
application of the Nernst equation, are shown in Figure 2.11. The value of E;j
depends on the type of reference solution and the electrode. Figure 2.11(a) shows the

value of Ay," for the sodium-ion specific electrode as the background solution varies
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with respect to the NaDS concentration for pure NaDS and 0.30 mM CaCl, in NaDS
solution, and can be used to estimate E; for the sodium measurement. Figure 2.11(b)
shows the value of Ac,®" for the calcium-ion specific electrode as the background
solution varies with respect to the CaCl, concentration for several NaDS contents,
which can be used to estimate E; for the calcium measurement.

The unbound counterion concentrations ([Na'un, and [Ca®*Tum) can be
estimated by the Nernst equation, and a mass balance was used to calculate the bound
counterion concentrations ([Na‘], and [Ca®'],) from the total ion concentrations. An
accurate value of the dodecyl sulfate concentration in the monomeric phase ([DS]mon)
can be predicted by use of the Corrin-Harkins expression; the dodecyl sulfate
concentration in micellar phase ([DS]mic) can be obtained from a mass balance. Once

the ion contents of the micelles have been determined, counterion binding parameters

can be calculated using equations (2.18) and (2.19).



3000000 0.0002 0.0004 0.0006 0.0008 0.0010 0.0012

o  CaCl,free in NaDS solution

2.5 - A 0.30 mM CaCl, in NaDS solution

20 F ¢ ;

Aty g ]

10 F ;

N mﬁw faWalWalial O N

05 f i .

0 0 : 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :

0.000 0.002 0.004 0.006
NaDS concentration, [NaDS] (M)
(@)
30 T T T T T T T T T T T T T T T T ]
© 6.02mMNaDS
25 v 7.04mM NaDS o
O 7.94mMNaDS 1
20 < 9.09 MM NaDS
‘ A 10.0mM NaDS
A o ]
ca 15 .
1.0 .
0.5 .
OO 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 :
0.00 0.10 0.20 0.30
Calcium chloride concentration, [CaCl,] (mM)
(b)
Figure 2.11  Extrapolation of the A; function to obtain E;q based on

equation (2.16). (a) Na-ISE (b) Ca-ISE

41



42

The plots of the activity of the species present in the systems studied as
a function of NaDS concentration are shown in Figure 2.12 - 2.13. The break in the
plots of logarithm of the activity of counterion against the logarithm of the NaDS
concentration indicates the formation of micelle. The activity of sodium and calcium
ions changes due to the micellization as the counterion binding to the micelle. The
concentration of the free molecules decreases above the CMC resulting in a curve

with a discontinuous value of the slope.
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Figure 2.12  The activity of sodium ion, and dodecyl sulfate monomer
(Sasaki, et al., 1975) present in the system studied as a

function of the NaDS concentration at 30°C.
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Curves of fractional counterion binding to the micelle based on the ISE
results are shown in Figure 2.14. The plots can be used to determine whether the
sodium ion binding to micelle is constant or not, as discussed in earlier studies
(Rathman and Scamehorn, 1984; Stellner and Scamehorn, 1989a). The parameter has
been reported as constant, approximately 0.67, when measured at a concentration of
approximately 30 mM NaDS, which is far above the CMC. The counterion binding to
the micelle results for pure NaDS solutions in Figure 2.14 reveal that the change in
the counterion binding is relatively strong at the commencement of the micellization
phenomenon, resulting in a steep curve up to a binding parameter of 0.80 at 10 mM.
The average value of the counterion binding parameter from the plots is 0.65 and 0.67
for the EMF method and the Corrin-Harkins relationship, respectively, which is in
good quantitative agreement with the value given at 30 mM. The review by Sasaki et al.

(1975) reported that data from a literature survey on sodium ion binding to the micelle
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was quite scattered, ranging between 0.46-0.86. This is likely due to differences in the
technique and the purity of NaDS used, a problem also seen in CMC measurements
for instance (Hines, 1996; Lunkenheimer and Czichocki, 1993; Mysels, 1986).
Moreover, earlier studies proposed that the existence of the linearity in Corrin-
Harkins plot can be reconciled using a model to directly estimate the apparent
counterion binding onto the micelle parameter as the slope K; is equivalent to

B, (Evans, Mitchell, and Ninham, 1984). In this study, the value of K4 (0.59-0.63) is
roughly equivalent to the equilibrium value of A _., 0.67. Recently, the effects of

self-assembly process of ionic surfactants into micelles was also investigated by the
atomistic simulations, it showed the total degree of counterion binding in NaDS
solution is around 67% in the absence of salt (Jusufi, Hynninen, Haataja, and

Panagiotopoulos, 2009).
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Figure 2.14 Variation of the degree of sodium ion binding to micelle parameter

(B,,-) as afunction of NaDS concentration at 30°C.

The degree of calcium ion binding onto the micelle at 30°C, as a
function of the NaDS concentration and for different CaCl, concentrations is shown in
Figure 2.15. As the NaDS concentration increases, the calcium ion binding coefficient

decreases while the total counterion binding remains approximately constant.
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This behavior has previously been described by a competitive
adsorption to the micelle surface between the different cations (Paton-Morales and
Talens-Alesson, 2002). The authors of this study have suggested that at the
commencement of the micellization phenomenon, dissociated sodium ions do not
occupy much of the surface of the micelle compared to calcium ions. When the NaDS
is added continuously, the binding is dominated by sodium ions as the nature of a
monovalent species allows it to occupy the micelle surface of the monovalent anionic
surfactant more effectively (Paton-Morales and Talens-Alesson, 2002); hence, the
binding of the divalent cation to the micelle decreases as the NaDS concentration

increases.
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Binding is dependent on the concentration of CaCl,, as well as on the
total NaDS concentration. In practice, some previous studies have assumed that the
calcium ion binding remains constant at about 0.20 and the total counterion binding

(Br =B, + B, ) is constant at 0.65 independent of changes in NaDS concentration

(Rodriguez, et al., 2001; Stellner and Scamehorn, 1989a). The current work shows
that the counterion binding is not constant as a function of the NaDS concentration.
For further evidence about the competitiveness of the monovalent and
divalent cation binding to micelle, Figure 2.16 shows the fraction of counterion
binding to the micelle for both sodium and calcium ions with respect to the chemical
equilibrium model which will be discussed in the next topic. For 0.30 mM CaCl,

present in NaDS solution system, the degree of sodium ion binding to micelle (5,,.)

is approximately equal to 0.56 which is near the average value. The total degree of
counterion binding to the micelle for NaDS with 0.30 mM CacCl; can be determined
by the combined sodium and calcium counterion binding, S = 0.56 + 0.16 = 0.72,
which is close to the assumed total counterion binding of 0.65. Note that the
concentration of bound calcium ions is 0.08 times that of the total surfactant content
of the micelle, but this negates a fraction of 0.16 of the charge of the surfactant in the
micelle. Consequently, this data suggests that the total fraction of negative charges
from the surfactant molecule in the micelle neutralized by counterion binding to the

micelle is approximately constant.
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with constants K = 0.015 and Sr = 0.65.

To determine whether the total counterion binding was constant with
respect to changes in counterion compositions a study was performed to determine
total counterion binding over a range of CaCl, concentrations using conductivity. The
degree of counterion binding was obtained from the ratio of the slopes of the
conductivity as a function of NaDS concentration. Figure 2.17 shows experimental
data of the total fraction of counterion binding for NaDS solution as the CaCl,

concentration increases. Due to a difference in the fundamental treatment of



49

micellization, the results obtained by the conductivity technique are slightly lower
than those from the EMF technique. However the results show that the total
counterion binding to the micelle can be assumed to be constant, as found

experimentally using two different techniques and theoretical treatments.
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2.5.5 A Model of Sodium and Calcium lons Binding to the Micelle
The competitive counterion binding to the micelle can be modeled
using a chemical equilibrium model. The model considers only two factors, a
chemical equilibrium between unbound counterion and counterion which is bound to
the surface of the micelle, and a saturation level of counterion binding, fr, beyond
which level extra charge negation of the surface of the micelle is not possible.
Initially, consider the system where the unbound calcium ions in solution are in

equilibrium with the counterions bound to the surface of the micelle:
Ca’, = Ca*
This chemical reaction can be thermodynamically modeled via the activity based

equilibrium constant:

a 2+
Ca“" b
= (2.20)

Ca®",unb

%)

In the absence of further knowledge, and since the solution is relatively dilute we can
assume that the activity of each species is equal to its concentration, or that the ratio

of the activities is equal to the ratio of the concentrations:

B [Ca2+:|
K. = W (2.21)

A similar set of equations can be written for the sodium ion:

+ —\ +
Na,, = Na,



o1

and

a_.
K — Ohat (2.22)

Na*

aNa+ .unb

In this case it is evidently not suitable to assume that the concentration of the unbound
sodium ions is equal to their activity. This would suggest that the counterion binding
of sodium is finite at the CMC, where there should be a significant amount of sodium
ions in solution, due to NaDS monomer at the CMC. In fact, experimentally the
results show almost zero sodium binding to the micelle at the CMC. Zero binding can
be rationalized if surfactant ions in solution significantly more strongly associate with
the sodium ions than the calcium ions, thus lowering the activity of the sodium in
solution. The surfactant appears to preferentially associate with sodium ions in
solution, perhaps because they are both monovalent ions. Since sodium binding is

essentially zero at the CMC, we should define the unbound sodium activity as:

aNa*,unb :[Na+ :|unb _I:DS_]mon (2.23)

Thus, the sodium binding equilibrium is:

[Na ), (2.24)
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Dividing the two equilibrium relations and rearranging gives:

el [ee] -

[Na+ ]unb _I:D87Jmon [Cah}unb

where K = Ko / Koz

A second equation is needed to fully describe the system, and that is the total
counterion binding equation as seen as equation (2.18) + (2.19), which we have

measured to be approximately constant at a value of 0.65. This gives:

Br =PB.. + B, =0.65 (2.26)

Fitting the data gives an equilibrium constant of 0.015, and this fits all the counterion
binding data measured very well, as shown in Figure 2.16. Application of this
equilibrium model fitted to our data calls into question the validity of the assumption
that the monovalent ion is more effectively able to bind to the micelle. This can be
explained by the higher unbound sodium ion concentration as the NaDS concentration
increases above the CMC which is due to dissociation of sodium from the surfactant.
Even at CaCl, concentrations of 0.3 mM the concentration of sodium ions in the
solution exceeds that of calcium ions in solution by more than an order of magnitude
for concentrations of NaDS above the CMC. Where the bound sodium ion
concentration exceeds the bound calcium ion concentration, the difference is much
smaller than an order of magnitude. This indicates that calcium ions more strongly

partition onto the surface of the micelle than sodium ions. This conclusion is verified
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by the magnitude of the equilibrium constant ratio (K = K . /K_. = 0.015)

Na
determined in the current study, which shows the calcium partitioning onto the

micelle is much stronger than that of sodium.

2.6 Conclusions

This research has provided experimental data and thermodynamic parameters
for two binary anionic surfactant systems. The regular solution model appears to be a
good model to treat thermodynamically the mixed micellization of anionic surfactants
used in this work. The attractive interaction has been noted in NaDS/NaDeS in
aqueous solution at 30°C; however, the NaDS/NaOBS mixture is relatively ideal.
The value of the interaction parameter is much more negative for the homologous
NaDS/NaDeS then has been previously found for surfactants differing only by two
carbon units.

The CMC of NaDS is affected more by the concentration of the monovalent
cation than that of the divalent cation, and the effect of the monovalent ion can be
described by the Corrin-Harkins equation. The Corrin-Harkins parameter Ky is
relatively constant throughout the range of temperature examined (10 - 50°C) at 0.61,
while the parameter K is a strong function of temperature.

The total fraction of counterion binding to the micelle has been investigated
quantitatively and qualitatively to determine how the counterions distribute between
the solution phase and the micelles. The degree of counterion binding to the micelle
cannot be assumed to be constant as either the total surfactant concentration or the
composition of the counterions in solution changes. In addition, mono- and divalent

cations compete for the negative charges of the micelle, but the total fraction of
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charges negated per micelle is approximately constant independent of the identity of
the cation at high surfactant concentrations and is equal to about 0.65 at 30°C. The
relative amounts of this total binding that are taken up by sodium and calcium ions
can be modeled very well using a simple equilibrium model relating to unbound and
bound sodium and calcium counterion activities. It is likely that the improved model
of counterion binding can greatly improve the modeling of the phase precipitation
boundary of the surfactants near the CMC, where currently the models under-predict
the amount of CaCl, required to reach the precipitation phase boundary

(Soontravanich S., and Scamehorn, 2010).
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CHAPTER 111

CALCIUM SALTS OF SURFACTANT AND

PRECIPITATION PHASE BOUNDARIES

3.1 Abstract

In hard water, single anionic surfactants, types commonly used in household
products and the detergency industry tend to precipitate with counterions, for example
calcium and magnesium ions, forming soap scum and are thus no longer available to
participate in the cleaning action. General thermodynamic properties of calcium
surfactant salts, for instance solubility data, Krafft temperature, CMC, and energy
changes upon dissolution, are required to better understand anionic surfactant
precipitation by counterions, but these properties are quite limited in the literature.
These thermodynamic data will help to accurately predict the precipitation phase
boundary of the anionic surfactant used in this study when precipitated by CaCl,.
Hence, this work aims to investigate the activity-based solubility product of calcium
surfactant salts in aqueous solutions as a function of temperature, with
thermodynamic modeling of the precipitation phase boundary. The results reveal
more accurately thermodynamic data from the experiments, which allows better
thermodynamic modeling of the precipitation phase boundary of single and binary

mixed anionic surfactant systems.
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3.2 Introduction

Precipitation of surfactants by oppositely charged ions from aqueous solution
can inhibit their use in many applications such as in the detergency industry, where an
essential fraction of a laundry detergent can be composed of builder to separate
multivalent cations, preventing these ions from precipitating anionic surfactants by
their large affinity to hardness ions (Hollingsworth, 1978). On the other hand, crude
oil recovery can be enhanced by anionic or cationic surfactant precipitation in oil
reservoirs as it is the basis of the waterflooding technology (Gale, Saunders, and
Ashcraft Jr, 1976). In addition, surfactant from surfactant-based separation processes
can be recovered by precipitation methods (Vanjara and Dixit, 1996; Wu, Christian,
and Scamehorn, 1998). Hence, understanding and manipulating surfactant
precipitation has great importance for industrial applications.

For many decades, the use of surfactant mixtures has enabled considerable
manipulation of precipitation behavior. Surfactant mixtures can have synergistic
advantages over the use of single surfactants (Li, Li, and Chen, 1998; Rosen, 1991;
Soontravanich S., Munoz, Scamehorn, Harwell, and Sabatini, 2008; Stellner and
Scamehorn, 1989b). The different levels of synergistic advantages in the mixtures of
surfactants are dependent on the molecular structure and the charge of the individual
surfactant components. Although, surfactants have been used in several applications
because of their unique characteristics, they have some disadvantageous properties.
For instance, anionic surfactants can form insoluble salt as soap scum in hard water,
water containing a high concentration of calcium and/or magnesium ions. In addition,

their solubility is poor in cold water below the Krafft temperature.
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This chapter will focus on thermodynamic properties of precipitation of single
and mixed anionic surfactant systems. However, it is also necessary to have an
understanding of the basic principles of the precipitation of single anionic surfactants
by counterions. There are two general approaches to thermodynamically describe
surfactant precipitation data in the literature; precipitation phase boundaries, and
Krafft temperatures (sometimes called the Krafft point or micellization temperature).
A precipitation phase boundary represents the lowest or highest amount of a species
required to cause the precipitation of an infinitesimal amount of surfactant salt in an
aqueous surfactant solution at a given temperature at various surfactant
concentrations.

Consequently, the aim of this chapter is to thermodynamically study the
precipitation of single and mixed anionic surfactants by calcium ions. This chapter
will also illustrate anionic surfactant precipitation boundaries together with the use of
improved models, as discussed in the previous chapter, to predict the theoretical
precipitation phase boundaries as a function of temperature for NaDS precipitating by
CaCl,, and for binary mixed NaDS/NaDeS and NaDS/NaOBS systems, which
requires many thermodynamic properties of the anionic surfactants used and the

activity of counterions in the intermicellar solution.
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3.3 Theory

Precipitation, also called reactive crystallization, is an area for which
crystallization as well as reaction engineering aspects are important. Classically,
crystals are obtained from a solution by (1) increasing the solute concentration
through solvent evaporation, (2) cooling, (3) combining these two processes when the
solvent evaporation is used both cooling and for concentrating, or (4) by salting-out
with the help of a cosolvent.

Precipitation differs from these classical processes in that the supersaturation,
which is required for the crystallization, no longer results from an action on the
physical properties of the solution. It is obtained by chemical reaction between two
solute components leading to a less soluble product which crystallizes. The reactants
can be ions or molecules. Alternatively, the reactants can directly lead to a very
sparingly soluble precipitate. The generated particles can be amorphous or crystalline.

The reaction and crystallization occur simultaneously and have their own
kinetics. Mixing effects also need to be taken into account. In the case of fast reaction
kinetics, the supersaturation may be very high and thus high nucleation rates can be
observed. Then, reaction and crystallization kinetic rates may be faster or in the same
order of magnitude as the mixing process rates, resulting in competition between
mixing, reaction, and nucleation. The mixing kinetics will have a high effect on the
product crystals, especially on the number concentration of crystals formed, and on

their size.
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3.3.1 Driving Force of Reactive Crystallization
3.3.1.1 Solubility

One important property of the crystals, in order to study the
precipitation or reactive crystallization, is the ability to dissolve in a given solvent at a
specific temperature. These solubility characteristics have a considerable influence on
the choice of the method of crystallization. It will also allow evaluation of the
supersaturated region (the precipitation region), and the isotropic region where all
solution is clear. In the majority of cases the solubility increases with temperature but
solubility may also be a function of pressure at low to moderate pressure. Generally,
the effect can be negligible in the systems normally encountered in crystallization
from solution.

One of the most important expressions of the influence of

temperature on solubility is the polynomial:

c=A+BT+CT?+... (3.1)

where c is the solution composition expressed in any convenient units and T is the
temperature. In addition to equation (3.1), a number of semi-empirical equations have
been proposed for solubility correlation purposes, some of which are based on
thermodynamic relationships relating to phase equilibria. Some of the expressions that

have been used at one time or another are:

logx=A+BT (3.2)

logx=A+BT +CT? (3.3)
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logx=A+BT™ (3.4)
logx=A+BT " +CT™? (3.5)
logx=A+BT " +ClogT (3.6)

In all the relationships shown above, the solution composition x is expressed as mole
fraction of solute and the temperature T is in units of Kelvin (K). However, the
constants A, B, and C in equations (3.1) to (3.6) are not necessary related to one
another. Two possibilities can be considered in order to understand the driving force
of reactive crystallization:

1) The chemical reaction leads to a more or less soluble
molecule (P) which then crystallizes.

A+B =P = S(solid)

where A and B are reactants, and S is the solid of P. In this case, the solubility of
component P can be described as the molar concentration of P in the solution at the
thermodynamic solid-liquid equilibrium. This concentration is a function of
temperature as mentioned above.

2) The chemical reaction does not lead to any intermediate
soluble species, and the solid crystallizes directly from the reactants. It is the case of

many ionic reactions, leading to sparingly soluble salts between anion and cation.
XA™ +yB* = A,B, (solid)

with the electroneutrality condition:
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X2, =yz_ (3.7)

where z. and z. are the valencies of the anion and cation, respectively. In this case, the
thermodynamic equilibrium will be described by the solubility product, which is a
function of temperature.
3.3.1.2 Activity and lonic Strength
The colligative properties of solutions depend on the effect of
solute concentration on the solvent activity. The chemical potential () of a non-

electrolyte in dilute solution can be expressed by (Mullin, 1992; Myerson, 1993):

U=y, +RTlInc (3.8)

where ¢ is the solute concentration in molar units (M) and g, is the standard

chemical potential in units of Joules per mole (J/mol). R is the universal gas constant
and T is the temperature in Kelvin. Nevertheless, equation (3.8) cannot be applied to
solutions of electrolytes for concentrations greater than about 10 M. In these cases,

an expression based on activity rather than concentration should be applied:

U=ty +RTIna, (3.9)

where a. is the solute activity as a molar basis, which is related to composition ¢ via

the corresponding activity coefficient ( f.) by:

ac =cf, (3.10)
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The activity coefficient becomes unity at infinite dilution, i.e. when ideality may be
assumed (when using an asymmetric definition of the activity coefficients)

From the Debye-Huckel theory of electrolytes (Klotz and
Rosenberg, 2008), the limiting (infinite dilution) law gives the mean activity

coefficient of the ion as:
log f, =—Az,z [I'” (3.11)

where 1 is the ionic strength in units of mole per liter (M), and is defined by:

| = %Zcizf (3.12)

where ¢; is the concentration of the ionic species in molar units, z; is the ion valency,
and z. and z, are the valencies of the anion and cation, respectively. The Debye-
Hickel constant A, is dependent on the solvent and temperature of the solution.

The Debye-Huckel limiting law (equation 3.11) has to be
modified for all but the most dilute solution, and many modifications have been
proposed, for example the Giintelberg equation (Klotz and Rosenberg, 2008; Mullin,

1992):

| + Y2

log f, = —A|z+z_|{L} (3.13)
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Equation (3.13) is useful for solutions of sparingly soluble electrolytes. The Davies
equation (also known as the extended Debye-Huckel equation) (Davies and

Shedlovsky, 1964) is also commonly used:

_A(Zi)2|1/2

log f, =
I 1+Ba, 1"

~0.3l (3.14)
where B is the Debye-Huckel constant, and is dependent on the solvent and
temperature of the solution. a; is the an empirical value based on diameter of the ion.
The values of A and B have been tabulated elsewhere (Klotz and Rosenberg, 2008).
Equation (3.14) is expected to be generally valid for values of | up to about 2 mol/L
(Davies and Shedlovsky, 1964; Nancollas and Butler, 1967).
3.3.1.3 Solubility Product
The solubility of a sparingly soluble electrolyte in water is

often expressed in terms of the concentration solubility product (K. ). For instance, if

one molecule of such an electrolyte dissociates in solution into A** cations and B*

anions according to the equation :
XA™ +yB* = A,B, (solid)
where z* and z are the valencies of the ions, then for a saturated solution the solubility

product can be written as (Mullin, 1992; Myerson, 1993):

K. =([A"D*([B" 1)’ =constant (3.15)
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[A*"] and [B* ]are the molar concentrations of the two ions at equilibrium

conditions. However, the simple solubility product (concentration-based) principle
has extremely limited use. It should be valid only in solutions of very sparingly
soluble salts (< 10 M). For more concentrated solution, it is better to adopt a more
fundamental approach relating to the use of activity concepts. The activity based

solubility product is defined as (Mullin, 1992; Myerson, 1993):

Ko =(@,.)" (@, )’ =constant (3.16)

where aZH and a;, are the ionic activities at equilibrium. As the activity of an ion

may be expressed in terms of the ionic concentration and the ionic activity coefficient

(f), equation (3.16) becomes:

Ke = ([A*] f,)*((B*] f,")” =constant (3.17)

where f_ and f_ are the activity coefficients of ions A**and B* at equilibrium,

respectively.
3.3.1.4 Supersolubility and Supersaturation
A saturated solution is in thermodynamic equilibrium with the
solid phase at a given temperature. However, it is often easy to prepare solutions (by
cooling a hot concentrated solution slowly without agitation) containing more
dissolved solid than that represented by the equilibrium saturation. Such solutions are
said to be supersaturated. Crystallization processes can take place only in

supersaturated phases, and the rate of crystallization is often determined by the degree
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of supersaturation (also called the supersaturation ratio, Sp). The supersaturation of a
system may be expressed in many different ways, and considerable confusion can
arise if the basic units of concentration are not clearly defined. The temperature must
also be specified.

Among the most common expressions of supersaturation are
the concentration driving force (c), the supersaturation ratio (S), and a quantity
sometimes referred to as the relative supersaturation (o). These quantities are defined

by (Mullin, 1992; Myerson, 1993):

AC=Cc—-C* (3.18)

S = % (3.19)

o= _s1 (3.20)
C*

where c¢ is the molar concentration and c* is the equilibrium saturation at the given
temperature.

It is important to consider reactive crystallization or
precipitation when a component crystallizes out of an electrolytic solution composed
of ions. In this case, the supersaturation can reach very high local values, particularly
at the introduction points of reactants if the kinetics of reaction is fast. Hence, the
treatment of classical crystallization processes cannot then be applied. The following

equations should be used in the expressions of the kinetic rates of primary nucleation
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of the nuclei formed. Regarding equations (3.16) and (3.17), the activity-based
supersaturation ratio can be written as:

1/(x+y)

a,)@.)’

S, = (@) (@) (3.21)
KSP

3.3.1.5 Dissolution of Anionic Surfactant in Water

Dissolution of surfactants in water generally results in
significant changes in thermodynamic properties, for instance the enthalpy and the
entropy of dissolution, which are both temperature dependent. Both effects are partly
due to a significant heat capacity change. This phenomenon is common for all
nonpolar solute molecules. The reason for such behavior is the special character of
water as a solvent. It is thought that the tetrahedrally coordinated hydrogen bonds of
water molecules cause ordering around the nonpolar solute molecules (tails), forming
so-called “icelikeness”, thus increasing the heat capacity of the system (Frank and
Evans, 1945; Mancera and Buckingham, 1995). A study of material solubility is
essential as it reflects molecular orientation in the precursor solution. Transformations
from solution to solute molecules are controlled by intermolecular coordination with
solvent molecules to the solid-solid bonds where strong solute-solute interactions lead
to molecular self-assembly and crystallographic structure. An ideal solubility can be

described by the van’t Hoff equation (on a mole fraction basis) (Mullin, 1992) :

In(x) =%{Ti—ﬂ (3.22)
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where x is the mole fraction of solute in the solution, T is the solution absolute
temperature, Ty is the fusion temperature (melting point) of the solute, AH is the molal
enthalpy of fusion, and R is the gas constant (8.314 J/mol-K). This ideal equation
involves perfect mixing on the molecular scale of solute and solvent. In reality,
solubility is solvent-dependent, and can be described by the chemical equilibrium
basis of the van’t Hoff equation (Atkins and De Paula, 2009; Dykstra, 1997):

AS AH

InKgp == (3.23)

sat

where AH and AS are the enthalpy of dissolution, respectively, and Tgy is the
saturation temperature, which is defined as the temperature of dissolution at an
infinitely slow rate. Therefore, a plot of the natural logarithm of the equilibrium
constant versus the reciprocal temperature gives a straight line. The slope of the line is
equal to minus the standard enthalpy change divided by the gas constant, and the
intercept is equal to the standard entropy change divided by the gas constant. The
known AH, AS, and T4 can then be used to calculate the Gibbs free energy; AG for

this process was calculated using the equation:

AG = AH —TAS (3.24)

3.3.2 Precipitation of Anionic Surfactant Systems with Calcium Chloride
The precipitation phase boundary not only determines the region where
precipitation will occur, but it can also indicate the hardness tolerance for each

surfactant system. The hardness tolerance of anionic surfactants is defined as the
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lowest concentration of multivalent cation necessary to cause surfactant precipitation.
Hardness tolerance of a detergent mixture can limit effective cleaning using anionic
surfactants in hard water, often requiring the addition of builder to a detergent
formulation. Consider a completely dissociated monovalent anionic surfactant such as
dodecyl sulfate as in Figure 3.1: if a divalent cation (e.g., a calcium ion) were added
into the solution, the lowest calcium concentration required to cause the surfactant to

precipitate as calcium dodecyl sulfate (Ca(DS),) is the hardness tolerance.

\/\/‘ Dodecyl sulfate ‘ Calcium ion

@® Sodiumion - Chlorideion

N

. eV
Ve .

Monomer surfactant (DS"),
and unbound Ca?* and Na*
ions

Micelle with counterion binding
of Ca?* and Na* The surface has

2\
/ / a net negative charge

Ca(DS), Precipitate

Figure 3.1 An illustration of micelle-monomer-precipitate co-existence in
equilibrium for anionic surfactant in the presence

of counterions.
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Another aspect of Figure 3.1 is anionic surfactant can be in the form of
monomers, micelles, and as precipitate. The divalent or hardness cation may be
present in the unbound state, as bound counterions on the surface of micelles, or in the
precipitate. Any monovalent cation present in solution is either unbound or bound
onto micelles. Surfactant precipitation will occur if the product of the surfactant anion
activity squared and the divalent counterion activity is greater than the solubility
product of the surfactant salt. (Equilibrium occurs where these two variables are
equal). Whether precipitation occurs or not also depends on the monomer-micelle
equilibrium since the surfactant present as micelles does not contribute to surfactant
activity and the bound counterion does not contribute to counterion activity
(Rodriguez, Lowery, Scamehorn, and Harwell, 2001; Soontravanich S., and
Scamehorn; Stellner and Scamehorn, 1989a).

3.3.2.1 Single Anionic Surfactant Systems
Along the precipitation phase boundary, an infinitesimal
amount of precipitate is present. It is well known that hardness tolerance reaches a
minimum at the CMC. Below the CMC, as the total anionic surfactant concentration
increases, the calcium ion concentration required for precipitation to occur decreases.

The solubility product relationship for a monovalent anionic surfactant is described

by:

Ke =[Ca*][S T f_. f2 (3.25)

where Kgp is the activity-based solubility product, [Ca*'] is the total calcium ion

concentration in solution, and [S ] is the total surfactant concentration of the anionic
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surfactant. It should be noted that total concentrations used are below the CMC and

all of the surfactant is in the monomeric form. The parameters f_,. and f_ are the
activity coefficients of the calcium and anionic surfactant, respectively.

Along the precipitation phase boundary above the CMC, a
simultaneous equilibrium exists between the surfactant as monomer, in micelle, and in
precipitate as illustrated earlier in Figure 3.1. The solubility product relationship that
describes surfactant precipitation above the CMC can be expressed by:

Ksp :[Ca2+]unb[s_]2 fop fo (3.26)

mon " cg?t '§-

where [Ca*"],,, is the unbound calcium concentration and [S~],,, is the monomeric

concentration of the anionic surfactant. The activity coefficients for insertion into
above two equations are found using an extended Debye-Hickel expression as
discussed in section 3.3.1.2. However, the parameter a; is an empirical value based on
the diameter of the ion, and is equal to 6x10® cm™ for calcium (Klotz et al., 2000)
and is estimated as 7x10® cm™ for NaDS, NaOBS, (Rodriguez et al, 2001) and
NaDeS. The difference between the molecules in two carbon atoms in the surfactant
backbone of NaDS and NaDeS will be assumed to not have an effect on the diameter
of the ion in this work, thus NaDeS is also assumed to be 7x10® cm™,

If solution concentrations are not large enough to satisfy the
solubility product even when the surfactant lies above the CMC, the intermicellar
solution will contain only monomers and micelles, but will not precipitate at
equilibrium. If the solubility product is not satisfied and the surfactant concentration

is below the CMC, the surfactant will be present only as monomers. If a solution
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contains a concentration of monomer surfactant ions and unbound calcium ions that
exceeds the solubility product, then that solution is supersaturated and, theoretically,
will precipitate until the solution concentration lies somewhere along the precipitation
phase boundary.

In order to study the precipitation region, the initial conditions
of a supersaturated solution are necessary. Supersaturation is a measure of the excess
concentration of the reactants above the equilibrium solubility concentration (Lieser,
2003) . The degree of supersaturation and the presence of the foreign materials, or
seed crystals, affect the ability of the supersaturated solution both to form nuclei and
to grow crystals. In this thesis chapter, a supersaturation ratio (So) is used to describe
the excess concentration of reactants above the precipitation phase boundary for an

anionic surfactant precipitating with calcium ions, as follows:

Ca? 1, [S 12y fn F2 )
SO =([ ]unb[ ]mon Ca S ] (327)

KSP

Equation (3.27) only takes into consideration the monomer surfactant concentration
and the unbound calcium concentration. If the initial solution condition exactly
satisfies the solubility product, then Sp = 1. Therefore, the more that Sy exceeds unity,
the more supersaturated the solution becomes.
3.3.2.2 Binary Mixed Anionic Surfactant Systems
There are few studies about the precipitation phase boundaries
of single (Baviere, Bazin, and Aude, 1983; Gerbacia, 1983; Noik, Baviere, and

Defives, 1987; Rodriguez, et al., 2001) and mixed anionic surfactant systems
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(Rodriguez and Scamehorn, 1999, 2001), and few studies focusing on qualitative
investigation on kinetics of precipitation to help explain the phenomena occurring
during the precipitation process (Rodriguez and Scamehorn, 2001; Soontravanich S.,
and Scamehorn, 2010). Also there are only a few experimental determinations to
verify the accuracy of the model for NaDS/NaOBS mixtures (Rodriguez and
Scamehorn, 2001). Along a precipitation phase boundary, an infinitesimal amount of
precipitate is present as in a single surfactant system, but it normally consists of only
one ionic surfactant. Precipitation occurs below the CMC when the solubility product
relationship for the less soluble surfactant is reached. The solubility product

relationship for anionic surfactant with calcium ion below the CMC is described by
equation (3.25) where [S”] is still the total surfactant concentration of the

precipitating anionic surfactant. Total surfactant concentrations used are below the
CMC because all of the surfactant is only in its monomeric form.

Precipitation occurs above the CMC when the monomeric
concentration of the less soluble surfactant ionic surfactant, and the unbound

counterion concentration exceed the equilibrium solubility product. This can be

described by equation (3.26) except that [S7],.,, IS the monomeric concentration of

mon
the precipitating anionic surfactant. Mixed precipitate is not generally observed along
the precipitation boundary of anionic surfactant mixtures unless the Kgp values of the
two precipitating surfactants are very similar (Tsujii, Saito, and Takeuchi, 1980). The
improved models to thermodynamically treat the mixed micellization and activity of
counterions in the intermicellar solution have been discussed in the previous chapter

for both single and binary mixed anionic surfactant systems.
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The improved models can be used to quantify the amount of
precipitating species in the intermicellar solution and also to predict the hardness
tolerance of a mixture and the equilibrium precipitating or nonprecipitating

compositions in the mixed micellization solution.

3.4 Experimental Procedure

3.4.1 Materials
Sodium dodecyl sulfate (NaDS) was purchased from Carlo Erba with
purity greater than 92%. Sodium 4-octylbenzene sulfonate (NaOBS) was purchased
from Aldrich with purity greater than 97%. These two anionic surfactants were further
purified by twice recrystallizing using deionized water and methanol, respectively.
They were dried over silica gel at room temperature for 24 hours. Sodium decyl
sulfate (NaDeS) was purchased from Fluka with purity greater than 99% and was
used as received without further purification. Calcium chloride dihydrate
(CaCl,-2H,0), analytical reagent grade with purity greater than 98.0%, was purchased
from Sigma-Aldrich and was used as received. Deionized water (18 MQ-cm) was
used to prepare all agueous samples through out the experiments.
3.4.2 Preparation of Calcium Surfactant Salts
The powdered calcium surfactant salts of calcium dodecyl sulfate
(Ca(DS),), calcium octylbenzenesulfonate (Ca(OBS),), and calcium decyl sulfate
(Ca(DeS),) were prepared from the precipitation of NaDS, NaOBS, and NaDeS
respectively with an excess concentration of calcium chloride solution. The crystals
were separated by a 0.45 um cellulose nitrate membrane and rinsed with cold

deionized water. After drying by silica gel under room temperature overnight,
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Ca(DS),, Ca(OBS),, and Ca(DeS), were then recrystallized twice in deionized water.
The pure crystals were separated by paper filtration (Whatman 42) and dried over
silica gel at room temperature for at least 24 hours. Dry crystals were used to prepare

solutions in deionized water.

3.4.3  Solubility Measurements

Pure calcium surfactant salts were used to prepare the saturated
solutions at different temperatures depending on the Krafft temperature. Calcium
surfactant salts behave like a conventional anionic surfactant but have very low
solubility at room temperature. Thus, the investigation of calcium surfactant salt
solubility is divided into two techniques of measuring the solubility; measuring
concentrations by Atomic Adsorption Spectroscopy (AAS) for saturated solutions at
fixed temperatures, or measuring the conductivity of fixed concentration solutions as
the temperature is varied to search for the saturation temperature. Which method is
more convenient depends on whether the system is above or below the Krafft
temperature, the minimum temperature at which surfactants form micelles. The Krafft
temperature of Ca(DS), has been reported at 50°C (Lee and Robb, 1979; Moroi,
Oyama, and Matuura, 1977).

For the Ca(DS), saturated solutions, an AAS method was used to
measure the solubility below the Krafft temperature. A series of Ca(DS), solutions
were prepared at varying saturation temperatures ranging from 10 to 50°C. Additional
solutions at 51, 53, and 55°C were prepared to verify the consistency of the two
techniques. AAS was used to measure the concentration of calcium ions in the

solutions; the total amount of surfactant can be estimated using the stoichiometric
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ratio of calcium ion to surfactant monomer. Solubilities were reported at the
saturation temperature. The concentration was determined three times for each batch
and three batches were performed per saturation temperature. The replicates show that
the experimental data are highly reproducible, within 95% confident intervals of +
0.005 mM. Conductimetry was used to measure the solubility above the Krafft
temperature by determining the saturation temperature of known concentration
solutions at 0.5, 3.0, 4.0, 6.0, 8.0, and 10.0 mM. The equilibrium temperature was
determined by measuring the conductivity of a surfactant solution as a function of
temperature. The concentration at the point that the slope is discontinuous is the
saturation temperature for the concentration measured, since this is the point at which
additional ions are removed from solution by precipitation.

To investigate the solubility of Ca(DeS), saturated solutions, the AAS
method was used to measure the solubility below the Krafft temperature. A series of
Ca(DeS), solutions at different concentrations were prepared at varying saturation
temperatures ranging from 20 to 30°C. Solubilities were reported at the saturation
temperature. The concentration was determined three times for each batch and three
batches were performed per saturation temperature. The replicates show that the
experimental data are highly reproducible within 95% confident intervals of £ 0.005
mM. Conductimetry was used to measure the solubility above the Krafft temperature
by determining the saturation temperature of known concentration solutions at 5.0 —
30.0 mM. The equilibrium temperature was determined by measuring the conductivity
of a surfactant solution as a function of temperature. The concentration at the point
that the slope is discontinuous is the saturation temperature for the concentration

measured.
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However, for the measurement of the solubility of Ca(OBS), in
aqueous solution, only the AAS method was used to measure the solubility at only a
saturation temperature of 30°C. This is because the Krafft temperature for Ca(OBS);
is very high in agueous solution. As for the previous investigation of calcium
surfactant salts, the concentration was determined three times for each batch and three
batches were performed at 30°C. The replicates show that the experimental data are
highly reproducible, within 95% confident intervals of £ 0.004 mM.
3.4.4 Determination of Precipitation Phase Boundaries
A series of solutions were prepared each with same concentration of
NaDS ranging over surfactant concentrations both below and above the CMC, but
with varying CaCl, concentrations. An equal volume of NaDS and CaCl; solutions for
each system were reacted in a 25-mL test tube with a screw cap. The experiment was
carried out at constant temperature at either 10, 30, or 50°C; the system temperature
was maintained by a temperature-controlled water bath. Since the surfactant solutions
can remain supersaturated for long periods of time before precipitation starts to occur,
the solutions were cooled down to near 0°C for 24 hours to force precipitation. The
samples were then placed and held at the desired temperature in a shaking bath for
two weeks to ensure all solutions reached equilibrium. The test tubes were visually
observed at daily intervals to monitor the precipitate until a last observation was taken

on day 14.
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The crystals from the precipitation were tiny amounts of very fine
crystals. For high supersaturation concentrations, the crystals from precipitation are
detectable by visual observation. For low supersaturation concentrations (near the
precipitation phase boundary), a tiny amount of nuclei was observed under a
microscope. If the crystals can be detected in 5-10% of the area under the microscope,
the observation was recorded that precipitation had occurred in the system. The
precipitation phase boundary was judged by this criteria: at each surfactant
concentration, the highest CaCl, concentration below the precipitation phase
boundary (supersaturation ratio < 1) that had not nucleated, and the lowest CaCl,
concentration above the precipitation phase boundary that (supersaturation ratio > 1)

had nucleated defined the region that contained the phase boundary.
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3.5 Results and Discussion

3.5.1 Thermodynamic Properties of Calcium Surfactant Salts
3.5.1.1 Calcium Dodecyl Sulfate

The results of the solubility study using AAS to measure
saturation concentrations at fixed temperatures are shown in Table 3.1. Further
experiments were performed on solutions from 0.5 to 10.0 mM Ca(DS), to determine
the saturation temperature using measurements of conductivity as shown in Figure
3.2. The Kgp values as a function of temperature were calculated using the results of
the two methods, and the results are shown in Figure 3.3. The agreement between the
two techniques is excellent except for one value predicted using the conductivity
technique at 42°C. At this point (which is well below the Krafft temperature) the
change in the slope at the saturation point is very small, and therefore the relative
error is quite large. However, it should be noted in Table 3.1 that the dilution ratio for
the AAS technique increases as the saturated temperature increases, especially when
the ratio is very large at 55°C. This is because the solubility of Ca(DS), increases
extremely quickly above the Krafft temperature. The main improvements to the
knowledge of the system gained from this study are that (a) it can be seen that two
totally independent measurements can give consistent results for the Ksp; (b) the Ksp
value is now known over a wide range of temperature; (c) the Ksp value has been
measured in pure Ca(DS), solutions where the effects of other ions have been
removed (which will lower the ionic strength of the solution and therefore increase
the accuracy of the activity coefficient model); (d) the Ksp predicted here is a
measured property rather than a property determined by fitting to a boundary (Stellner

and Scamehorn, 1989a).
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Table 3.1 Total calcium ion concentration at saturation using the AAS technique for

Ca(DS); in aqueous solution.

Temperature Dilution ratio for Saturated concentration of
(°C) AAS calcium ion (mM)
10.0 1:10 0.253
15.0 1:10 0.255
20.0 1:10 0.318
25.0 1:10 0.352
30.0 1:10 0.441
35.0 1:10 0.523
40.0 1:25 0.576
45.0 1:25 0.712
50.0 1:25 0.922
51.0 1:25 1.079
53.0 1:25 1.129
55.0 1:2000 19.462
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Figure 3.2 Saturation point determination via the conductivity measurement
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of Ca(DS), solution at various concentrations.
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Figure 3.3  Solubility product of Ca(DS), in aqueous solution as

a function of temperature.

The data in Figure 3.3 gives the solubility product of Ca(DS);
in aqueous solution as a function of temperature, which can be used with the model
discussed in the theoretical section (section 3.3.2) to model the precipitation phase
boundary for solutions containing NaDS and CaCl, (section 3.5.2.1). This calculation
has already been performed at 30°C (Stellner and Scamehorn, 1989a), however in this
previous study the Ksp value was determined by regression over all of the data below
the CMC in order to minimize the error between the experimental precipitation
boundary and the model. While this is a reasonable approach to obtain an accurate
empirical model of the system, it is useful to determine the most accurate possible
value of Kgp to determine the fundamental accuracy of the model, and this can be
achieved conveniently through determination of the solubility of pure Ca(DS); in

water, as described earlier. The solubility product of Ca(DS), in aqueous solution is
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approximately equal to 2.122x10™ at 30°C and this is in the same order of magnitude
as the Kgsp value at the given temperature reported elsewhere. For instance, Kallay,
Pastuovic, and Matijevic (1985) reported 2.137x10™° at 20°C; Lee and Robb (1979)
reported 3.72x10™'° at 25°C. The lower value obtained here may be due to better
treatment of activity coefficients compared to these older studies. The dependence of
the solubility product of Ca(DS), on temperature (in degrees Celsius) can be

described by an exponential growth function:

K =6.122 x10 ™ +1.664 x10 > exp(0.1371T) , where T in °C (3.25)

Calcium dodecyl sulfate still behaves like a conventional anionic surfactant showing
the co-existance between monomers and micelles above the CMC, however, the
solubility of calcium surfactant salt is fairly poor below the Krafft temperature or
micellization temperature. In other words, micellization cannot occur below the Krafft
temperature. Thus, the CMC of Ca(DS); is approximately equal to 2.2 mM at 60°C as

shown in Figure 3.4.
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Figure 3.4 The CMC of Ca(DS), in aqueous solution at 60°C determination

via conductivity measurement.

The van’t Hoff plot of Ca(DS), using equation (3.23) is shown
in Figure 3.5. Even though the plot is divided into two sections based on the Krafft
temperature, or micellization temperature, of Ca(DS), in water (which is at 50°C), the
enthalpy of dissolution is estimated only for temperature below the Krafft
temperature, where the anionic surfactant going to the solution as monomers. From
the slopes in the plot the enthalpy change of dissolution of Ca(DS), below the Krafft
temperature is equal to 64.4 kJ/mole. The calculation of the enthalpy change of
dissolution here is not valid above the CMC. Dissolution of several types of anionic
surfactants dissolved in water was also found to be an endothermic process revealed
by the positive value of the enthalpy change (Hrust, Skuri¢, Sosi¢, and Kallay, 1999).

However, we do not have a good explanation for the higher the enthalpy change
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above the Krafft temperature, but it probably involves phenomena related to the

micellization.
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Figure 3.5 Solubility data of Ca(DS), in aqueous solution for below and

above the Krafft temperature on a van’t Hoff plot.

The entropy change of dissolution, AS, is also estimated from
the intercept of the plot but only for the data below the Krafft temperature in Figure
3.5. The entropy change is equal to 27.1 J/mol-K. The enthalpy change of dissolution
appears to be an endothermic process, and also the entropy change of dissolution
shows a positive value; therefore the process will occur spontaneously at high
temperature. The positive value of AH comes from the endothermic reaction of
breaking the hydrogen bonds to create a cavity for the solutes within the aqueous
solution (Anuar, Daud, Roberts, Kamarudin, and Tasirin, 2009). Figure 3.6 shows the

plot of Gibbs free energy as a function of temperature. The positive AH and AG
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values are presumably because of the water ordering effect in the presence of a

nonpolar material in water (the polar molecules) (Privalovl and Gill, 1989).
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Figure 3.6 Gibbs free energy change for Ca(DS), dissolution in water as

a function of temperature.

It should be noted that the Gibbs free energy slightly decreases as the temperature
increases for temperature below the Krafft temperature, but it decreases more rapidly
above the Krafft temperature. The lower Gibbs free energy above the Krafft

temperature indicates a more stable micelle.
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3.5.1.2 Calcium Decyl Sulfate
The results of the solubility study using AAS to measure
saturation concentrations at fixed temperature are shown in Table 3.2. Further
experiments were performed on solutions from 5.0 - 30.0 mM Ca(DeS), to determine

the saturation temperature using measurements of conductivity as shown in Figure 3.7.

Table 3.2 Total calcium ion concentration at saturation using the AAS technique

for Ca(DeS); in aqueous solution.

Temperature Dilution ratio for Saturated concentration of
(°C) AAS calcium ion (mM)
20.0 1:50 5.203
25.0 1:50 6.415
30.0 1:200 66.104
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Figure 3.7  Saturation point determination via the conductivity measurement

of Ca(DeS), solution at various concentrations.
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The Kgp values as a function of temperature were calculated using the results of the
two methods, and the results are shown in Figure 3.8. The agreement between the two
techniques is also excellent. The Ksp of Ca(DeS), is much higher than that of Ca(DS);
at a specific temperature, even though the only difference between the molecules is

two carbon atoms in the surfactant backbone.
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Figure 3.8 Solubility product of Ca(DeS), in aqueous solution as a function

of temperature.

As with the solubility behavior of Ca(DS),, when analyzing the Ca(DeS), solubility
by the AAS technique the dilution ratio increases as the saturated temperature
increases; especially when the ratio is much larger at 30°C. This is because the
solubility of Ca(DeS), increases extremely rapidly above the Krafft temperature. The
Krafft temperature of Ca(DeS), can be determined directly from the solubility curve
and is approximately equal to 28.5°C, thus micellization cannot occur below this

temperature.
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Figure 3.9 shows the plot of conductivity as a function of

Ca(DeS); concentration at 30°C. The CMC of Ca(DeS), is approximately equal to 7.0

mM as determined at the point of the change of the slope.
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Figure 3.9 The CMC of Ca(DeS); in aqueous solution at 30°C determination

via conductivity measurement.

The solubility product of Ca(DeS), as a function of temperature (in degrees Celsius)

can be described by an exponential growth function:

Ko =—2.194 x10° +3.806 x10 ** exp(1.218 T), where T in °C (3.26)
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The van’t Hoff plot of Ca(DeS), using equation (3.23) is also
shown in Figure 3.10. The plot is also divided into two sections based on the Krafft
temperature, or micellization temperature of Ca(DeS), in water at 28°C due to the
same reason described earlier for Ca(DS),. From the slopes in the plot the enthalpy
change of dissolution of Ca(DeS), below the Krafft temperature is equal to 40.8

kd/mole.
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Figure 3.10  Solubility data of Ca(DeS), in aqueous solution for below and

above the Krafft temperature on a van’t Hoff plot.
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The entropy change of dissolution is also estimated from the
intercept of the plot but only for the data below the Krafft temperature in Figure 3.10.
The entropy change is equal to 12.6 J/mol-K. Figure 3.11 shows the plot of Gibbs free
energy as a function of temperature. It should be noted that the Gibbs free energy is
relatively constant as the temperature increases below the Krafft temperature, but it
decreases above the Krafft temperature. The lower Gibbs free energy above the Krafft

temperature indicates the more stable micelle.
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Figure 3.11 Gibbs free energy change for Ca(DeS), dissolution in water as

a function of temperature.
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3.5.1.3 Calcium Octylbenzenesulfonate

Unfortunately, it is quite difficult to investigate the solubility of
Ca(OBS); in aqueous solution as a function of temperature even though the solubility
product of Ca(OBS), is similar to Ca(DS), at a specific temperature. The Krafft
temperature and CMC are also not available in this work due to the limitation of the
conductivity probe in the experiment, which cannot be used at high temperature.
Consequently, the solubility product of Ca(OBS); is only investigated at 30°C via the
AAS technique. The solubility of Ca(OBS); is reported in Table 3.3 and the Kgp of

Ca(OBS), is approximately 8.018x107° at 30°C.

Table 3.3 Total calcium ion concentration at saturation using the AAS technique for

Ca(OBS); in aqueous solution.

Sample # Dilution ratio for Saturated concentration of
AAS calcium ion (mM)
1 1:10 1.3130
2 1:10 1.2490
3 1:10 1.3155
4 1:10 1.2370
5 1:10 1.2240
6 1:10 1.2780

Hence, it can be summarized that the solubility product of calcium surfactant salts in
aqueous solution for Ca(DS), and Ca(OBS), are very similar to each other at the
temperature studied in this work (30°C) while the solubility product of Ca(DeS); in
aqueous solution is higher than the other two calcium surfactant salts at the same

temperature.
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3.5.2 Precipitation Phase Boundary
3.5.2.1 Single Anionic Surfactant Precipitation Phase Boundary

The precipitation phase boundary for solutions of NaDS and
CaCl; is shown in Figure 3.12 where the abscissa displays the total NaDS in the
system and the ordinate plots the total calcium chloride (CaCl,) concentration
required to reach the phase boundary. As the concentration of NaDS increases in the
system, the amount of CaCl, required to precipitate the Ca(DS), decreases until the
minimum point, at the CMC of NaDS (also called the minimum hardness tolerance
point).

Along the precipitation phase boundary and above the CMC,
there is co-existence between monomers, micelles, and precipitate. In addition there
are sodium ions due to the dissociation of NaDS, but NaDS is not found to precipitate
at the levels of concentration and temperature studied in this work. Micellization

causes the change of the slope in precipitation phase boundary above the CMC.
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Figure 3.12 Theoretical precipitation phase boundaries estimated by the improved
models for NaDS and CacCl, systems as a function of temperature

corresponding with the experimental data.

The counterions (calcium and sodium ions) will partially bind
to the negative charged surface of micelle; only the unbound counterions remain in
the bulk solution. Thus, the total amount of calcium ions required to reach the phase
boundary increases sharply above the CMC. Figure 3.12 also shows the model using
the measured Ksp and other thermodynamic data is good, especially where the NaDS
concentration is very low and in the region around the CMC. The model can be
extended to cover the range 10 to 50°C (the range in which the Kgsp has been
measured) corresponding to the experimental data. The error bars shown in the figure

indicate the uncertainty in determination of the precipitation phase boundary based on
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the criteria to judge the saturated point, as described in experimental procedure
(section 3.4.4)

The degree of supersaturation at the phase boundary is unity, or
Sp = 1, at the specific temperature studied. In order to satisfy equation (3.27) to be
unity, the series of thermodynamic models of anionic surfactant precipitation
described in Chapter 2 is employed in this work. The concentration of anionic
surfactant monomers can be calculated by the Corrin-Harkins equation, and the
concentration of unbound calcium ions can be calculated by the chemical equilibrium
of counterion binding to the micelle. The directly measured Ksp value at a desired
temperature is used in this equation. The activity coefficients are calculated by the use
of the extended Debye-Huckel equation corresponding to the initial concentration of
surfactant and CaCl,. The steps to calculate all precipitating species involved in
equation (3.27) are demonstrated in detail in Appendix A.

The improvement of the models has been shown above the
CMC where the counterion binding to the micelle is considered, while the previous
models cannot well treat the activity of counterion binding to the micelle in the
intermicellar solution, as can be seen by fitting the experimental data at other

temperatures in Figure 3.13.



99

10-1 E T T T L I T T T L I T T T LELELIL E
102 3
103 3

10+ 3

CaCl, Concentration, [CaCl,] (M)

10° 3

10-6 :- 1 1 1 Ll E

11l 1 13 1 1l 1 L1111

10+ 103 1072 101
NaDS concentration, [NaDS] (M)

Figure 3.13  Theoretical precipitation phase boundaries estimated by the previous
model (Stellner and Scamehorn, 1989a) for NaDS and CacCl,
systems as a function of temperature corresponding with

the experimental data.

The different results from the current and previous models
shown in Figure 3.12 and 3.13, respectively, indicate that calcium ion partitioning on
the micelle is not constant. The micellization model determines the concentration of
monomers and the micelles in the bulk and they are dependent on temperature. The
amount of micelles in the solution results in different levels of negated counterion on
the micelle surface and thus, the calcium ion required to precipitate Ca(DS)2 changes.
As can also be seen that the calcium ion required at precipitation phase boundaries

above the CMC are separated as temperature changes.
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However, it should be remarked that the modeling work for the
precipitation phase boundary are improved above the CMC, but not yet perfect. The
difficulty in modeling the phase boundary will be explained here. The counterion
binding to the micelle based on chemical equilibrium of unbound and bound
counterions binding to the micelle was assumed to be valid, and was employed
throughout the range of temperature of 10 to 50°C, but the chemical equilibrium
model was done with respect to the experimental data at only 30°C. The effect of
temperature has only small on the counterion binding to the micelle for either pure
ionic micelles (Zana, 1981) or mixed micelles (Rathman and Scamehorn, 1984). Also,
the difference in the polar head group (sulfate and sulfonate) was also assumed not to
have an effect on the counterion binding to the micelle. The previous study by
Rathman and Scamehorn (1984) also showed constant total counterion binding in the
mixtures containing different polar head groups on the micelles of sodium decyl
sulfate (SO4) mixed with sodium decyl sulfonate (SOj3’). Although the temperature
effect on the counterion binding to the micelle is claimed to have only a slight impact,
it would be better to have the models of temperature dependence on the counterion
binding to the micelle, rather than assuming it is constant for the temperatures studied.
For many reasons, however, the experimental and modeling works of temperature

effect on counterion binding to the micelle are performed only at 30°C, and as it can

be observed that the precipitation phase boundary model at 30°C is the most accurate

fit.
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Another rationale is the estimation of activity coefficient by
extended Debye-Hiickel expression for the intermicellar solution. This work and
elsewhere (Dharmawardana, Christian, Tucker, Taylor, and Scamehorn, 1993;
Rodriguez, et al., 2001; Soontravanich S., and Scamehorn, 2010; Stellner and
Scamehorn, 1989a) assumed that the micelle is a separate phase, which will not
contribute much to the ionic strength of the electrolyte solution and thus activity
coefficient. But, it is probably due to accounting for micelle shielding factors, which
is introduced to reduce the effect of the micellar charge on the ionic strength of the
intermicellar solution, and results in very complex systems, with data only available
for a few systems (Burchfield and Woolley, 1984). In this work, the ionic strength of
the electrolyte solution was estimated by accounting for the counterion binding to the
micelle effect as shown in Figure 3.14; however, this causes a worse prediction of the
precipitation phase boundary, hence there is no accounting for counterion binding to

the micelle in the calculation of ionic strength used in this work.
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3.5.2.2 Binary Mixed Anionic Surfactant Precipitation Phase

Boundary

It is interesting to study the precipitation of binary mixed
anionic surfactant systems to determine how accurately the improved models predict
the precipitation for the nonideal mixtures. An equimolar ratio of NaDS/NaOBS
solution was studied to monitor the model accuracy. Figure 3.15 implies that
pseudophase separation theory, regular solution model, and the proposed chemical
equilibrium model of counterion binding to the micelle give a good prediction of the
precipitation phase boundary.

As in single anionic surfactant precipitation, the degree of
supersaturation at the phase boundary is unity, but based on the precipitating
surfactant species at the specific temperature studied. In order to satisfy equation
(3.27) to be unity, the series of thermodynamic models of mixed anionic surfactant
precipitation described in Chapter 2 is employed in this work. The total concentration
of anionic surfactant monomers can be calculated by the pseudophase separation
theory and the regular solution model. The total concentration of mixed anionic
surfactant will then be used in the chemical equilibrium model of bound and unbound
counterions to quantify the amount of bound and unbound counterions. The measured
Ksp Of precipitating calcium salt at a desired temperature is used in this equation. The
activity coefficients are calculated by the use of the extended Debye-Hiickel equation
corresponding to the initial total concentration of mixed anionic surfactant and CaCl,.
The steps to calculate all precipitating species involved in equation (3.27) are

demonstrated in details in Appendix B.
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Theoretical phase boundaries for other molar ratios are also
shown in Figure 3.15, but with no corresponding experimental data. The reason why
only the equimolar ratio is studied is to monitor the precipitation of calcium surfactant
salts for a similar type of anionic surfactant used, such as chemical structure,
solubility product of their precipitates, and polar head group of their tails. The
difference in surfactant tails (aliphatic and aromatic) is also less significant in the
precipitation study; it may be due this being an ideal mixture as discussed in the
previous chapter, but the investigation of the type of precipitating species is only
based on solubility product value and experimental data fitting. More discussion of
the precipitation of calcium surfactant salt in NaDS/NaOBS systems at an equimolar

ratio is mentioned in the next chapter.
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Figure 3.15 Theoretical precipitation phase boundaries from the improved
models for binary mixed NaDS/NaOBS and CaCl; systems
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and equimolar surfactant concentration at 30°C.

In the case that NaDS mixed with NaDeS is precipitated by
CacCly, theoretical precipitation phase boundaries are shown in Figure 3.16, with the
corresponding experimental data. It is obvious that there is only Ca(DS), precipitating
from binary mixed NaDS/NaDeS systems because the solubility product of Ca(DeS);
is higher than Ca(DS),, in the order of 10 as opposed to 10™°, and the concentration
of DeS" in the solution is not sufficient to precipitate at the conditions employed in
this work owing to the higher Ksp with calcium. The supersaturation ratio of the

Ca(DeS); salt is below unity for all concentration levels studied here.
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Figure 3.16  Theoretical precipitation phase boundaries from the improved
models for binary mixed NaDS/NaDeS and CaCl, systems
corresponding to the experimental data

at pure NaDS systems at 30°C.

Moreover, a strange trend of the theoretical precipitation
boundary is found in both Figure 3.15 and 3.16 at 75:25 molar ratios of binary mixed
anionic surfactants. It may be due to the system reaching an ideal state as the fraction
of NaDS increases in the solution. The switching of the treatment in thermodynamics
of micellization to ideal solution theory may result in a better. In the lack of a better
approach, however, the improved models will be also used in the next chapter of

investigation of induction time.
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3.6 Conclusions

The work has accurately measured the Ksp value of calcium dodecyl sulfate in
aqueous solution over the temperature range of 10 to 55°C using two techniques;
measuring the amount of Ca(DS), required to reach saturation at constant temperature
with AAS and measuring the saturation temperature of constant composition solutions
of Ca(DS), using conductivity measurements. The conductivity measurement is
convenient and accurate for solutions whose solubility is in excess of the Krafft
temperature, but has lower accuracy below the Krafft temperature. The solubility of
Ca(DS); is very high at and above the Krafft temperature, and under these conditions
the solutions require very high dilution ratios to enable measurement by AAS. This
indicates that it is useful to use a combination of techniques in measurement of the
solubility of surfactant systems, and the current study has shown that the two methods
do give consistent results. The Ksp in this system exponentially increases with
increasing temperature, resulting in the Ksp at 55°C being orders of magnitude larger
than the value at 10°C. The work has also accurately measured the Ksp value of
calcium decyl sulfate in aqueous solution over the temperature range of 20 to 30°C
using two techniques and the current investigation has shown that the two methods do
give consistent results for this species also. The Kgsp of calcium 4-
octylbenzenesulfonate in aqueous solution has been measured at only 30°C and the
measurement technique by AAS results a highly consistent value of the solubility of
Ca(OBS); in aqueous solution.

Thermodynamic properties of calcium surfactant salts dissolution in water

such as, enthalpy, entropy, and Gibbs free energy are investigated in this work. The
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calculated data shows the energy required to dissolve the calcium surfactant salts
decreases as the temperature increases as the process is an endothermic process. The
Gibbs free energy for the dissolution of calcium surfactant salts above the Krafft
temperature indicates that the dissolved surfactant is more stable in the micellar form
as there is a lower Gibbs free energy.

The precipitation phase boundary for Ca(DS); in solutions of NaDS and
CaCly, and binary mixed NaDS/NaOBS and NaDS/NaDeS systems can be predicted
by the improved models that contain equations for the phase equilibrium between
monomeric surfactant and unbound calcium ions, the Kgp as a function of
temperature, the activity coefficients of the key species as a function of temperature
and ionic strength, models that predict the micellization parameters, such as
monomeric surfactant concentration as a function of temperature and ion
concentrations, and also chemical equilibrium of counterions binding to the micelle.
The fit of the model using a Ksp value determined from experiments of pure Ca(DS);
in water gives a good fit to an experimental precipitation boundary studied in this
work, but gives a slightly worse fit to an experimental precipitation boundary studied
in previous work. This is to be expected since fundamentally measured parameters
can never improve a fit to a model in comparison to models using parameters fitted to
the data. The improved models better fit the data above the CMC in the system than
earlier models, where the model for the micelle formation and counterion binding is
dominant in determining the total amounts of NaDS and CaCl, present in the system
required to form precipitates. Below the CMC the only modeling required is that for
the Kgp value and the activity coefficients, and it is here that the model fitting is quite

good. It may be noted that the Ksp value measured at 30°C is only 2.122x10™ in
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comparison to the value predicted from the phase boundary which is 5.02x10™°. The
current model fits dilute NaDS data quite well, but becomes less accurate as the
system approaches the CMC value. There may be several reasons for this reduction in
fitting ability as the NaDS concentration becomes higher, but perhaps the most likely
reason is that the extended Debye-Huckel expression may be unable to accurately
determine the effect of the ionic strength on the activity of the surfactant monomer
ion. This has been suggested previously in sub-micellar solutions of sodium alkyl
sulfates where deviations from the Debye-Hickel theory were noted, and possibly
explained by variations in the hydrophobic hydration of the alkyl chains as the
surfactant content increased. It may be necessary to determine more accurate models
for activity coefficients for surfactants.

The precipitation phase boundary for Ca(DS); in solutions of equimolar ratio
of binary mixed NaDS/NaOBS precipitating by CaCl, can be predicted by the
improved models that contains equations of pseudophase separation assumption,
regular solution theory, and also chemical equilibrium of counterions binding to the
micelle. The models show a satisfactory prediction of precipitation phase boundary of

Ca(DS); in the equimolar ratio of NaDS/NaOBS precipitating by CaCl..
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CHAPTER IV

THE INDUCTION TIME OF BINARY MIXED ANIONIC

SURFACTANT PRECIPITATION

4.1 Abstract

The precipitation of pure NaDS solution precipitated by CaCl, at a specific
temperature depends only on the supersaturation ratio of the precipitating species in
the bulk solution both below and above the CMC. The precipitation of calcium
surfactant salts in binary mixed anionic surfactant systems can be summarized as
following: for mixed NaDS/NaDeS precipitated by CaCl, systems, the induction time
is only a function of the supersaturation ratio calculated based on Ca(DS),. The
experimental data shows the increase in the induction time is only due to the change
in the concentration of the precipitating species (DS") because of changes in the molar
ratio and thermodynamic changes due to mixed micellization. For the mixed
NaDS/NaOBS precipitated by CaCl,, the precipitation of calcium surfactant salts can
be considered based on Ca(DS), and Ca(OBS), due to theie similar Ksp value.
Precipitation of Ca(OBS), occurs in the systems of 25-50% NaDS molar ratio. At this
range of molar ratio, the inhibition of precipitation is not found in the mixed
NaDS/NaOBS systems. For precipitation of Ca(DS) in the systems of 50-75% molar
ratio of NaDS/NaOBS mixtures, the induction time is essentially not a function of

supersaturation ratio, which is calculated based on Ca(DS); as the different precipitation
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trend can be observed when compared to the pure NaDS precipitated by CaCl,
systems. In this case, the inhibition of precipitation is observed as the induction time
appears larger than in the pure NaDS systems at the same degree of supersaturation
with respect to Ca(DS),. The inhibition is due to the change in precipitating species
(DS) because of the molar ratio and thermodynamic change of mixed micellization.
In this case, it is also predicted for the change in kinetics of precipitation.

The kinetics of precipitation of binary mixed anionic surfactants can be found
at 50-75% NaDS/NaOBS systems, the interfacial energy estimated from the
relationship of induction time and supersaturation ratio reveals that the time required
precipitating the Ca(DS), in 50-75% NaDS/NaOBS systems is larger than the time
required to precipitate Ca(DS); in pure NaDS aqueous solution. The other Kinetic
parameters such as nucleation rate, Gibbs free energy change of formation of critical
nucleus, and the radius of critical nucleus are estimated, they also reveal that the

inhibition of anionic surfactant precipitation is partly due to kinetic change.
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4.2 Introduction

Precipitation of calcium surfactants is one of the problems for applications of
anionic surfactants, in particular in laundry detergency. Much research has been
directed towards avoiding anionic surfactant precipitation by counterions such as
calcium and magnesium ions, or by cationic surfactants, and even precipitation of
cationic surfactants, to avoid the formation of soap scum. There are at least three
notable methods for tackling the detrimental effects of hardness ions in anionic
surfactant applications. The first method uses considerable amounts of cosurfactants
(e.g. fatty alcohols) to improve the solubility of the calcium surfactant below the
Krafft temperature (Zapf, Beck, Platz, and Hoffmann, 2003). Another approach uses
builders in order to enhance the surfactant’s tolerance to calcium ions (Crutchfield,
1978; Hollingsworth, 1978). Zeolites, phosphates, or silicates act as the builder, which
has a large affinity for calcium ions and prevents a decrease in active surfactant
composition by binding to the calcium ions (Hollingsworth, 1978). The last method is
the development of an anionic surfactant formulation which does not precipitate in the
presence of calcium ions. It is well known that the use of mixed surfactant systems
can decrease the Krafft temperature and increase hardness tolerance (Rodriguez and
Scamehorn, 1999, 2001; Soontravanich S., and Scamehorn, 2010a; Stellner and
Scamehorn, 1989a, 1989b). This chapter deals primarily with the third method, since
practical applications of surfactants usually involve the use of mixtures of surfactants,
while the use of builders can cause a serious environment problem as they can
increase phosphorous concentrations in surface water, raising the growth of algae and

duckweed. This phenomenon is commonly known as eutrophication.
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There have been numerous thermodynamic studies on the equilibrium for
precipitation of single anionic surfactants precipitated by divalent and cationic
surfactants (Gerbacia, 1983; Kallay, Pastuovic, and Matijevic, 1985; Miyamoto, 1960;
Noik, Baviere, and Defives, 1987; Peacock and Matijevi, 1980; Rodriguez, Lowery,
Scamehorn, and Harwell, 2001; Shinoda and Hirai, 1977) but few studies of the
kinetics of precipitation of both single and mixed anionic surfactant systems
(Rodriguez, et al., 2001; Rodriguez and Scamehorn, 2001; Soontravanich S., and
Scamehorn, 2010a). An investigation into the induction time of anionic surfactants
precipitated by calcium ions is a key feature of kinetic studies in order to understand
the inhibition of precipitation when a second anionic surfactant is present in the
solution, however there are few such studies in the scientific literature. This is due to
the complexity of the formation of the micelle in pure systems and/or the formation of
the mixed micelle in the mixed system. The system is made more complex by the
effects of counterion on the critical micelle concentration (CMC), and counterion
binding on the charged micelle surface.

Consequently, this work aims to systematically investigate the inhibition of
precipitation of mixed anionic surfactants by calcium ions. The work will elucidate
the relationship between induction time and the degree of solution supersaturation in a
wide range of solution molarity both below and above the CMC in order to extend the
knowledge about the kinetics of precipitation of binary anionic surfactant mixtures. A
series of improved models for anionic surfactant precipitation and the activity of
counterion binding from previous chapters will be used here to calculate the amount
of precipitating species in the intermicellar solution. This should improve

understanding of the inhibition of anionic surfactants precipitated by hardness ions.
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Moreover, important crystallization parameters will be estimated in order to model the
behavior of calcium-induced precipitation of single and binary mixed anionic

surfactants.

4.3. Theory
4.3.1 Surfactant Precipitation

In general, precipitation occurs when the ion product of soluble ionic
species in solution is in excess of the equilibrium ion product, i.e. the solubility
product (Ksp). Therefore, surfactant precipitation occurs when the activities of
precipitating surfactant and counterion are such that the solubility product is satisfied.
Below the CMC, all surfactant species are in the monomeric form together with
dissociated monovalent counterion, and therefore counterions are not bound to the
micelle. Thus, all species in the bulk solution can be found independently. For
precipitating systems above the CMC, there are three phases coexisting together,
monomeric, micellar, and precipitate phases. Surfactant species are in both the
monomeric and micellar forms in solution, and monovalent and divalent counterion
binding to the micelle surface also occurs. The solubility product relationship for
precipitation of the anionic surfactants with calcium ions can be expressed as:

KSP = [CaZJr]unb[Si]ﬁmn fCa2+ f ’ (41)

s

where Ksp is the activity-based solubility product of the precipitating anionic
surfactant salt, [Ca®*]u is the concentration of unbound calcium ions, and [S]mon i

the concentration of the precipitating surfactant ion in the monomeric form. The
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activity coefficients of surfactant (fs) and calcium (fca2*) can be estimated using an
extended Debye-Hiickel expression (Davies and Shedlovsky, 1964):

log f; :%—O.SI (4.2)
where A and B are constants depending on the solvent and solution temperature. The
values of A and B for aqueous solution have been tabulated (Klotz and Rosenberg,
2008) and for 30°C, A = 0.5239 and B = 3.279x10". The ion valence (z;) for DS’, DeS’,
and OBS' is equal to -1, and for the calcium ion, z; is equal to +2. The parameter a; is
an empirical value based on the ion diameter. It can be estimated based on the species:
for NaDS NaDeS, and NaOBS, a; is equal to 7x10® cm™ (Robinson and Stokes, 1959;
Rodriguez and Scamehorn, 2001) and a; is equal to 6x10® cm™ for the calcium ion
(Klotz and Rosenberg, 2008). Assuming that only CaCl, and NaS are present in the
system, the ionic strength of the solution (I) can be calculated using the following

equation:

| =>0.5¢;z° =[NaS]+3[CaCl,] (4.3)

where ¢; is the total concentration of ion i in solution; z; is the valence of ion i; [NaS]
is the total anionic surfactant concentration in solution and [CaCl;] is the total
calcium chloride concentration in solution. However, thermodynamic parameters can
be estimated by these equations regardless of the micellization and counterion binding
phenomena since, it can be assumed that they do not contribute too much to the ionic

strength, and do not have much effect on the monomer surfactant and unbound
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calcium ions (Rodriguez, et al., 2001; Rodriguez and Scamehorn, 2001;
Soontravanich S., and Scamehorn, 2010a).

The induction time is a function of the supersaturation ratio (So);
a number of articles have described investigations into the relationship between the
induction time for precipitation and the degree of supersaturation for various crystal
forms (Roelands, Jiang, Kitamura, ter Horst, Kramer, and Jansens, 2006; Roelands,
Roestenberg, ter Horst, Kramer, and Jansens, 2004; Soontravanich S., and
Scamehorn, 2010a; Teychené and Biscans, 2008). The supersaturation ratio is defined
as the ion product of the precipitating surfactant salt (considering the activity of the
surfactant in the monomer phase and the activity of the unbound calcium ions)
divided by the solubility product, and to the inverse power of the sum of the
stoichiometric coefficients of the reactants as shown in equation (4.4) (Stellner and

Scamehorn, 1989b):

Ca? oIS Toon Foe F2 )
SO :{[ ]unb[ ]mon Ca?* 'S J (44)

KSP

Micellization starts to occur at the CMC. As more anionic surfactant is
added to a system above the CMC, the additional surfactant forms more micelles.
This causes more unbound sodium ions to be dissociated from the surfactant salt,
lowering the CMC because of the effect of unbound counterions on the CMC as
described by the Corrin-Harkins relationship. Meanwhile, sodium and calcium ions
tend to be bound at the micelle surface due to their opposite charge; hence, the
unbound calcium ion concentration is reduced due to the binding phenomenon. The

modeling of these phenomena in order to estimate surfactant monomer concentrations



122

and activity of counterions above the CMC can be performed by using a series of
models developed in the previous two chapters.

Surfactant solutions containing mixed surfactants have longer
induction times than systems having a single surfactant, and thus such mixtures
appear to inhibit the precipitation for both anionic and nonionic surfactant systems
(Soontravanich S., and Scamehorn, 2010b; Stellner and Scamehorn, 1989b) and
mixtures of two different anionic surfactants (Rodriguez and Scamehorn, 2001;
Soontravanich S., and Scamehorn, 2010b). However, the supersaturation ratio of each
individual precipitating surfactant can be calculated for the binary mixed anionic
surfactant systems even when a mixed micelle is formed. Consequently, the bulk
solution systems are relatively more complex when mixing two different anionic
surfactants even for similar surfactant structures, and it is probably better to treat the
mixtures using a nonideal mixing model in order to obtain more an accurate value of
supersaturation ratio.

The compositions of the precipitating species in each phase are
estimated by using the Pseudophase Separation theory and the Regular Solution
theory, as discussed in the previous chapters and elsewhere (Schulz, Rodriguez,
Minardi, Sierra, and Morini, 2006; Soontravanich S., Munoz, Scamehorn, Harwell,
and Sabatini, 2008). However, the counterion binding to the mixed micelles in binary
mixed anionic surfactant systems is assumed to be the same as in single anionic
surfactant systems (Rathman and Scamehorn, 1984, 1987) because the head groups
(the polar part) are identical and the surfactant backbones (the nonpolar part) are
alike. Consequently, it is assumed in this work that it is adequate to use the chemical

equilibrium of bound and unbound mono- and divalent ions in the single anionic
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surfactant system in order to quantify the amount of bound and unbound divalent ions.
More details in calculating the precipitating anionic surfactant compositions in
monomeric and micellar phases have been discussed in the previous chapters.
4.3.2 Induction Time to Precipitation

The nucleation rate (J) can be predicted based on the classical
homogeneous nucleation model. The nucleation rate can be described as the number
of nuclei formed per unit of time per volume, and can be expressed in the form of the
Arrhenius reaction velocity equation commonly used for the rate of a thermally

activated process (Mullin, 1992):
J = Aexp(—AG/k,T) (4.5)

where A is the pre-exponential constant, kg is the Bolzmann constant which is equal to
1.3805x102 J/K, and AG is the overall excess Gibbs free energy change of formation

of nuclei in Joule. It can be defined as:

_ Brvaf
(2.303k,T log S, )?

(4.6)

where £ is a geometric factor and is equal to 163 for a spherical nucleus, y is the
surface energy in J/m?, V,, is the molecular volume and it is equal to 521.6 A2 for
Ca(DS), and 502.8 A® for Ca(OBS), as predicted by Chem3D Pro 11.0 software via
the Connolly molecular volume method (Connolly, 1985). f(6) is a correction factor;
when homogeneous nucleation takes place f(6) =1, and it is equal to 0.01 when

heterogeneous nucleation takes place.
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Induction time (ti,q) is one of the fundamental parameters in
crystallization as it has frequently been used as a measure of the nucleation event,
making the simplifying assumption that it can be considered to be inversely

proportional to the rate of nucleation (Mullin, 1992).

tg 297 4.7)

Based on the classical homogeneous nucleation relationship, the induction time can be
written with respect to the supersaturation ratio as the following expression (Mullin,

1992; Myerson, 1993):

ol
logt,,, {TS(IogZSO)} (4.8)

Anionic surfactant precipitation with hardness ions has been found to
occur in a range of seconds to minutes (Soontravanich S., and Scamehorn, 2010a,
2010b). A study of nucleation rate is very difficult in a conventional laboratory.
However, the nucleation rate can be approximated by using the relationship between
the induction time and supersaturation ratios which can be used to approximate the
interfacial energy of nuclei and free energy barrier. Equation (4.8) suggests that the
plot between (log ting) and the inverse of (log®So) at a specific temperature yields a
linear function with slope which is related to homogeneous nucleation. It will allow
evaluation of the amount of energy necessary to form the critical size of nuclei. The
change in the nucleus formation results in the change in interfacial energy (Mullin,

1992; Myerson, 1993). The larger the energy required the larger the induction time
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required to form a stable nucleus. The nucleation rate can be calculated approximately
when the interfacial energy is known. However, the prediction using the above
relationship has been suggested to be valid only for high supersaturation ratio
(Randolph and Larson, 1988).

Furthermore, the behavior of a newly nucleated particle in a
supersaturated solution depends on its size, which determines whether it will grow or
redissolve; these processes should result in a change in the free energy of the particle.
Hence, the radius of the critical nucleus (r¢) represents the minimum size of a stable
nucleus. A nucleus smaller than r. will dissolve because only in this way can the
particle achieve a reduction in its free energy. Similarly, a nucleus larger than r; will
continue to grow. Based on the classical theory of nucleation, stemming from the
work of Gibbs (1928) and discussed in detail in Mullin (1992), the radius of the

critical nucleus can be calculated by the following equation (Mullin, 1992):

2
AGcrit = 4727/ L (49)
3
where the critical Gibbs free energy (AGerit) required to produce a stable nucleus can
be calculated when the interfacial energy is known (Mullin, 1992):
BrVa

AG,, =120 4.10
" (kgTInS,)? (4.10)
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4.4. Experimental Procedure

4.4.1 Materials

Sodium dodecyl sulfate (NaDS) was purchased from Carlo Erba with
purity greater than 92%. Sodium 4-octylbenzene Sulfonate (NaOBS) was purchased
from Aldrich with purity greater than 97%. These two anionic surfactants were further
purified by recrystallizing twice using deionized water and methanol, respectively.
They were dried over silica gel at room temperature for 24 hours. Sodium decyl
sulfate (NaDeS) was purchased from Fluka with purity greater than 99% and was
used as received without further purification. Calcium Chloride dihydrate
(CaCl,-2H,0), analytical reagent grade with purity greater than 98.0%, was purchased
from Sigma-Aldrich and was used as received. Deionized water (18 MQ-cm) was
used to prepare all agueous samples through out the experiments.

4.4.2 Determination of Induction Time

Fresh stock solutions of NaDS both below and above the CMC was
prepared to avoid the hydrolysis of NaDS. The induction time for precipitation of
NaDS by CaCl, was investigated first to study the surfactant precipitation for the
single anionic surfactant system and due to its precipitate (calcium dodecyl sulfate,
Ca(DS),) having the lowest solubility product (Ksp) of the three calcium surfactant
salts. All experiments are performed over the precipitation phase boundary of NaDS
with varying supersaturation ratios. For mixed (binary) anionic surfactant systems,
fresh stock NaDS, NaDeS, and NaOBS solutions both below and above the critical
micelle concentration of the mixture (CMCy,) were prepared to avoid the hydrolysis
of anionic surfactants. The induction time of the two binary systems of NaDS/NaDeS

and NaDS/NaOBS precipitated with CaCl, were investigated. The experiments are
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performed with different molar ratios of surfactants and several supersaturation ratios
by varying the total surfactant concentration and CaCl, concentration. A
supersaturated solution can be prepared by mixing two reactants which will form a
salt at a higher concentration than its equilibrium solubility. The supersaturation ratio
in each system can be calculated from the equations described in the theoretical

section (Section 4.3.1).
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Figure 4.1 The design of a turbidity device to study the kinetics of

anionic surfactant precipitation.

All experiments were carried out in an online turbidity device. The
turbidity caused by the precipitation was measured using the apparatus shown in
Figure 4.1. The transmitted light source was a green light diode (LED). The detector
was a small photocell with a range of light resistance of 1-10 kQ, which depended on

the light intensity. The reaction was held at 30°C by circulating water through the
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jacket of the vessel. The temperature was monitored and maintained by a temperature-
controlled water bath with constant agitation by a magnetic stirrer to ensure good
mixing. The voltage signal was monitored and registered every second by a digital
multimeter (Valleman DVM 345DI) with a PC interface. The response was converted

to turbidity using the following equation (Soontravanich S., and Scamehorn, 2010a):

T= 1 In(I—OJ = 1 In(\ﬁJ (4.11)
L I L (V

where 7 is the turbidity with units of inverse length, L is the light path length, I is the
intensity of light, and Iy is the intensity of light detected with the isotropic sample
(blank). The light intensity was measured by the resistance of the photocell, where the
signal can be converted to voltage (V) as registered by the multimeter. Vq is the
voltage for isotropic sample.

The induction time was determined by finding the time difference
between mixing and the point of the curve where there is the first small change in
turbidity due to crystal nucleation. The induction time was determined at least three
times for each batch to show reproducibility. For the fast precipitation, less than
10 seconds, the induction time was observed visually once again to confirm the device

reliability.
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45 Results and Discussion

45.1 Precipitation of Single Anionic Surfactant Systems by CaCl,

NaDS is chosen as the surfactant to precipitate with calcium chloride
in order to understand the single anionic surfactant precipitation system since NaDS
has been widely used in various surfactant applications. Another reason for its choice
is due to the solubility product (Ksp) of its precipitate, Ca(DS),, is lower than the Kgp
of the other two calcium salts (Ca(OBS), and Ca(DeS),). The initial supersaturation
ratio, So, for NaDS precipitated with CaCl, based on the equations described in the

theoretical section (section 4.3.1) are shown in Figure 4.2.
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Figure 4.2 Supersaturation ratio curves as a function of CaCl, with varying NaDS

concentration at 30°C below and above the CMC of NaDS.
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The graph shows a range of supersaturation ratios corresponding to NaDS and CaCl,
concentrations above the precipitation phase boundary of NaDS precipitating by
CaCl,. The supersaturation ratio increases as the concentrations of NaDS and CaCl,
increase for systems below the CMC. At the CMC (approximately at 8 mM), all
singly dispersed molecules are saturated and the micellization starts to occur. Above
the CMC the surfactant monomer concentration is reduced due to the micelle
formation and the effect of unbound sodium ions dissociated from NaDS molecules
causes the change in the CMC value (Stellner and Scamehorn, 1989a). Consequently,
the supersaturation ratio decreases as the NaDS concentration increases in systems
above the CMC. The counterion binding to the micelle is reducing the amount of
unbound calcium ions in the system above the CMC,; if it is desired to spontaneously
precipitate NaDS above the CMC for the single anionic surfactant precipitation
system, an increase in the CaCl, concentration is required to force the supersaturation
ratio equal to unity.

Furthermore, the region of supersaturation ratio above the precipitation
phase boundary for precipitation of NaDS with CaCl, in Figure 4.2 can be
demonstrated as shown in Figure 4.3. It is assumed that the effect of calcium ion on
the CMC is negligible (Maneedaeng, Haller, Grady, and Flood, in press; Stellner and
Scamehorn, 1989a). Figure 4.3 shows that far above the precipitation phase boundary
of single anionic surfactant precipitating with calcium ions, the high supersaturation
ratio causes fast precipitation as the driving force to precipitate increasing causes a

reduction in induction time.
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Figure 4.3 Supersaturation ratio regions over the theoretical precipitation phase

boundary (PPB) for NaDS precipitating by CaCl, at 30°C.

Some selected experimental results from the online turbidity
measurement are shown in Figures 4.4(a) and 4.4(b). These figures show some
responses of the turbidity as NaDS is precipitated by CaCl, for both below and above
the CMC. As can be seen from the experimental results in both cases, the induction
time can be determined as the time elapsed between the mixing (zero seconds) and the
appearance of the precipitate which results in a change in the slope of the turbidity

curve.
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Figure 4.4  Some selected turbidity curves by precipitation of NaDS
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with varying supersaturation ratio, So,
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Both below and above the CMC the induction time increases as the
supersaturation ratio decreases. However, it should be noticed that in precipitation
systems above the CMC the induction time is much larger while the total surfactant
concentration is higher by increasing the additional anionic surfactant above the
CMC. This can be explained only by the reduction of the precipitating species
(monomers) because of micellization, and the effect of salting out by dissociated
sodium ions that increases the micelle concentration. The results for all systems
studied in this work are shown in Table 4.1, and a plot of induction time against the
supersaturation ratio for NaDS precipitation with CaCl, in Figure 4.5.

From Table 4.1 and Figure 4.5, it is clear that the precipitation of
NaDS by CaCl, usually occurs within a minute or less. The time required to nucleate
Ca(DS), approaches zero seconds when the supersaturation ratio approaches a high
value (for instance when the supersaturation ratio is over 3) whether the system is
below or above the CMC. The fact that the system gives the same result above and
below the CMC can be understood as the micelles in solution are not acting as a
template for nucleation of the precipitate. The result of the study also shows that the
time required to precipitate Ca(DS), is a function of supersaturation ratio only with
respect to the amount of dodecyl sulfate monomers ([DS]mon) and unbound calcium

ions ([Ca?*Juns) in the bulk solution.



134

Table 4.1 The summary of induction time of single NaDS systems precipitating by

CaCl; corresponding to its supersaturation ratio at 30°C.

[NaDS],M | [CaCly], M | [DS]mon, M [Ca2+]unb, M So ting (S€C)
0.003 0.0045 3.00x10° 4.50x10° 4.48 13.3
0.012 3.00x10° 1.20x10% 5.58 12.0
0.035 3.00x10° 3.50x107 6.67 11.7
0.004 0.0045 4.00x10° 4.50x10° 5.39 13.3
0.012 4.00x10° 1.20x10% 6.74 12.3
0.035 4.00x10° 3.50x10 8.07 11.0
0.005 0.00065 5.00x10° 6.50x10™ 3.57 Large
0.0018 5.00x10° 1.80x10° 4.85 32.0
0.004 5.00x10° 4.00x10° 6.03 14.3
0.0085 5.00x10° 8.50x10° 7.24 11.7
0.05 5.00x10° 5.00x1072 9.73 5.0
0.006 0.00065 6.00x10° 6.50x10™ 3.99 60.0
0.0018 6.00x10° 1.80x10° 5.43 15.3
0.004 6.00x10° 4.00x10° 6.77 12.3
0.05 6.00x10° 5.00x1072 10.96 11.3
0.1 6.00x1073 1.00x10™" 11.32 3.7
0.008 0.001 7.20x10° 7.43x10* 459 45.3
0.002 7.20x1073 1.74x10°® 5.95 19.7
0.003 7.20x1073 2.74x10° 6.79 13.7
0.01 7.20x107 9.74x107 9.37 11.3
0.010 0.001 6.47x103 8.85x10° 2.07 110.0
0.002 6.31x10° 8.38x10™ 4.21 29.3
0.003 6.29x10° 1.81x10® 5.34 16.3
0.006 6.28x10° 4.80x103 7.04 13.0
0.01 6.28x10° 8.80x10° 8.21 12.7
0.020 0.003 4.73x1073 1.16x10™ 1.68 165.0
0.006 4.21x10° 1.28x107 3.33 18.0
0.01 4.13x107® 4.96x10° 4.96 15.0
0.030 0.003 4.22x10° 6.04x107 1.20 Large
0.006 3.64x10° 3.06x10™ 1.81 68.7
0.01 3.30x107 2.05%x10° 3.09 15.3
0.040 0.003 3.83x10° 4.67x10° 1.00 Large
0.006 3.35x107® 1.76x10™ 1.38 386.7
0.01 2.94x107 7.72x10* 2.01 27.7
0.050 0.003 3.52x10° 4.05x10° 0.87 Large
0.006 3.12x10° 1.32x10™ 1.17 Large
0.01 2.75%x10° 4.41x10™ 1.55 94.7
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Figure 4.5 Dependence of the induction time on the supersaturation ratio

for NaDS precipitating by CaCl, at 30°C.

As can be seen in Figure 4.6, the small induction time curves are far
away from the equilibrium curve (where the supersaturation ratio, Sp = 1). Figure 4.6
indicates that the induction time is the same function of the supersaturation ratio for
both below and above the CMC even though induction time contours above the CMC
have been shifted slightly higher compared to below the CMC. The shift of the
induction time curves is the same as the shift in the constant Sy curves. Rodriguez and
Scamehorn (2001) suggested that the micellization affects the decreasing in the
amount of surfactant monomers as the precipitating surfactant is more diluted in the
micellar phase and this would shift the equilibrium toward the micelle so that larger

induction times are evident as the reduction of surfactant monomers above the CMC.



136

lo_l EI LA | T T T LI | T T T LI | T T T LI ) IE
— : ]
s [ ]
~ | ]
O 10?7 E
© : 3
O, - ]
c I ]
2
© 10° 3 .
1. - =
fras] C 3
c N ]
[<5]
[&] B -
S i Sy=5 i
8 . . . 0 =
4 | _
% 10 F —— ———— SO =4 E
E [ ——— SO =3 ]
% : So =1 :
£ 10% . ° t.q = 15sec .
g 3 o t =20 sec 3
g X v tq = 40 sec ]
i A t ;=50 sec i
lo»ﬁ 1l 1 L1 a1l 1 L1111l 1 L1111
104 108 10 101

NaDS concentration, [NaDS] (M)

Figure 4.6  The theoretical precipitation phase boundary of NaDS precipitated

by CaCl, and the corresponding induction time at 30°C.
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45.2 Precipitation of Binary Mixed Anionic Surfactant Systems by CacCl,
4.5.2.1 Binary Mixed NaDS/NaDeS Systems

The relationship between induction time and supersaturation

ratio is shown in Figure 4.7 for the binary mixed NaDS/NaDeS systems precipitated
by CaCl,. The precipitation trend is similar to the single anionic surfactant systems
because there will be only Ca(DS), precipitating out from the mixtures. The reason
that only Ca(DS), precipitates from any of the mixtures investigated is due to the
large difference between the solubility products of Ca(DS), and Ca(DeS),. All
calculated supersaturation ratios for the NaDS/NaDeS system based on Ca(DeS); in
this work are below their precipitation boundary (i.e. So is below 1). Thus,
supersaturation is shown only by supersaturation ratios with respect to Ca(DS); (as
shown in Table 4.2 and Figure 4.7). Furthermore, the graph shows only one function
of induction time with respect to supersaturation ratio for all NaDS/NaDeS molar
ratios at the same value of supersaturation ratio. Thus the induction time is a function
of supersaturation ratio only. This not only implies that the inhibition or disruption of
mixed anionic surfactant precipitation due to the different tail length might be wrong,
but also argues against some suggestions that the second surfactant monomers
interfere with the surface of the Ca(DS), nucleus (Rodriguez and Scamehorn, 2001,

Soontravanich S., and Scamehorn, 2010a).
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Figure 4.7  Dependence of the induction time on the supersaturation ratio
for binary mixed NaDS/NaDeS systems precipitating

by CaCl, at 30°C.

Thus, the induction time of binary mixed NaDS/NaDeS systems, precipitated with
CaCl, is approximately equal to the induction time of single NaDS systems
precipitated with CaCl,. This indicates that only Ca(DS), crystals precipitate rather
than a combination of Ca(DeS), and Ca(DS), precipitating because the relationship
between the supersaturation ratio of Ca(DS), and the induction time is the same for all
results. The experimental data in the curve is scattered due to the stochastic nature of
the nucleation mechanism, however it appears that the induction time of binary mixed
NaDS/NaDeS systems precipitating with CaCl, follows the same function as seen in

the single NaDS systems precipitated by CaCls,.
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Table 4.2 Induction time vs. supersaturation ratio for binary mixed NaDS/NaDeS

systems precipitated by CaCl, at 30°C.

[NasS], | [CaCl.], 100% NaDS 75% NaDS 50% NaDS 25% NaDS
M M So | tina(S) | So |tina(S)| So |tna(S)| So | tina ()
0.003 | 0.0045 448 | 133 | 3.70 | 200 | 282 | 21.7 | 178 | Large
0.012 558 | 120 | 461 | 150 | 352 | 213 | 222 | 533
0.035 6.67 | 117 | 551 | 123 | 420 | 203 | 265 | 453
0.005 0.00065 3.57 | Large | 2.95 | Large | 2.25 | 108.0 | 1.42 | Large
0.004 6.03 | 143 | 498 | 203 | 3.80 | 28.7 | 239 | Large
0.0085 724 | 117 | 597 | 170 | 456 | 283 | 2.87 | Large
0.05 9.73 5.0 803 | 160 | 6.13 | 203 | 3.86 | 67.0
0.10 10.04 | 33 828 | 143 | 632 | 173 | 398 | 613
0.006 | 0.00065 399 | 600 | 330 | 61.7 | 251 | 56.3 | 158 | Large
0.0018 543 | 153 | 449 | 237 | 342 | 30.0 | 216 | Large
0.004 6.77 | 123 | 559 | 213 | 427 | 273 | 2.69 | Large
0.0085 814 | 110 | 6.72 | 187 | 513 | 253 | 3.23 | 627
0.05 1096 | 11.3 | 9.05 | 157 | 6.91 | 213 | 435 | 427
0.10 1132 | 37 934 | 150 | 7.13 | 183 | 449 | 373
0.008 | 0.001 459 | 453 | 448 | 223 | 342 | 337 | 215 | Large
0.002 595 | 19.7 | 552 | 163 | 421 | 223 | 2.65 | Large
0.003 6.79 | 137 | 6.19 | 157 | 472 | 210 | 298 | 777
0.006 826 | 130 | 743 | 133 | 567 | 190 | 357 | 273
0.01 937 | 113 | 837 | 130 | 6.39 | 19.0 | 4.02 17.0
0.010 | 0.001 2.07 | 1100 | 3.16 | 190 | 354 | 48.0 | 2.46 | Large
0.002 421 | 293 | 472 | 180 | 449 | 30.7 | 3.04 | 537
0.003 534 | 163 | 556 | 140 | 509 | 30.0 | 341 | 253
0.006 704 | 130 | 697 | 123 | 6.17 | 29.0 | 410 | 140
0.01 821 | 127 | 799 | 120 | 699 | 273 | 463 | 143
0.020 0.003 1.68 | 165.0 | 2.19 | 106.7 | 2.28 | Large | 2.46 | Large
0.006 333 | 180 | 477 | 183 | 432 | 717 | 3.73 | Large
0.01 496 | 150 | 635 | 140 | 547 | 39.7 | 452 | Large
0.030 0.003 1.20 | Large | 1.32 | Large | 1.24 | Large | 1.47 | Large
0.006 181 | 687 | 245 | 1233 | 252 | Large | 3.16 | Large
0.01 3.09 | 153 | 442 | 270 | 421 | 286.7 | 419 | Large
0.040 0.003 1.00 | Large | 0.70 | Large | 1.00 | Large | 1.11 | Large
0.006 138 | 386.7 | 1.11 | Large | 1.64 | Large | 2.41 | Large
0.01 2.01 21.7 1.58 58.7 2.27 | Large | 3.77 | Large
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For most precipitation systems shown in Table 4.2, the
induction time for precipitation of mixed NaDS/NaDeS systems by CaCl; is larger as
the molar ratio of NaDS decreases compared to the pure NaDS system of the same
total surfactant content. The reduction of the NaDS molar ratio causes a reduction in
the supersaturation ratio resulting in a longer induction time. The induction time of
binary mixed NaDS/NaDeS increases significantly when the molar ratio of
NaDS/NaDeS is below 75% NaDS. As can be seen in the single anionic surfactant
systems discussed previously, decreasing the concentration of the precipitating
surfactant monomers by micellization and unbound monovalent counterions by
counterion binding, are crucial factors in increasing in the induction time. The
supersaturation ratio based on the precipitating surfactant (Sp based on Ca(DS),)
decreases when the NaDeS molar ratio increases, and thus the induction time
increases.

For the same total surfactant concentration ([NaS]it) and total
calcium chloride concentration ([CaCly]iar) in binary mixed NaDS/NaDeS systems
precipitated by CaCl, as shown in Table 4.2, the supersaturation ratio required for
nucleation at a particular induction time for pure NaDS systems below the CMC is
larger than the supersaturation ratio of binary mixed NaDS/NaDeS systems, which is
due to the concentration of precipitating surfactant being decreased when the molar
ratio of NaDS/NaDeS with respect to NaDS is decreased. Consequently, the amount
of precipitating surfactant, NaDS, is decreased resulting in a smaller supersaturation

ratio and larger induction time.
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Above the CMC (10-40 mM NaS, depending on the
composition of the system) for same total surfactant concentration and total calcium
chloride concentration, the supersaturation ratio of pure NaDS systems precipitated by
CaCl;, below the CMC is slightly lower than the supersaturation ratio of binary mixed
NaDS/NaDeS systems, assuming the solutions contain the same total amount of
calcium and total amount of surfactant (DS™ and DeS"). The induction time of binary
mixed NaDS/NaDeS systems precipitating by CaCl; is larger than the induction time
of pure NaDS system precipitating by CaCl, for constant total concentration of
surfactant and CaCl,. This is quite interesting because the delay in the precipitation is
partly due to the total amount of precipitating surfactant and partly due to the change
of the CMC of the binary anionic surfactant mixtures. Changing the molar ratio
results in moving the precipitation phase boundary due to a lowering of the CMC with
respect to NaDS, while the concentration of total calcium concentration present in the
system is constant. For this reason, the supersaturation ratio of binary mixed
NaDS/NaDeS systems precipitating by CaCl, above the CMCs is relatively higher
than in single NaDS systems precipitating by CaCl,. Having the more soluble anionic
surfactant in the systems will change the precipitation phase boundary as can be seen

in the previous study by (Rodriguez and Scamehorn, 2001).
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4.5.2.2 Binary Mixed NaDS/NaOBS Systems

Now, we consider the results for NaDS/NaOBS mixtures
precipitated by CaCl,. The solubility products of these calcium surfactant salts are
relatively close to each other at 30°C (in the same order of the magnitude, 10™°) as
well as their CMCs being similar 7.9 mM and 12.0 mM for NaDS and NaOBS
solutions at 30°C, respectively. The mixed NaDS/NaOBS systems have been reported
as an ideal mixture in this work and other (Soontravanich S., and Scamehorn, 2010a).
Since either Ca(DS), or Ca(OBS), may have a large supersaturation ratio, the plot of
induction time has been divided into 2 sets of data based on Ca(OBS), precipitation
(Figure 4.8) and based on Ca(DS), precipitation (Figure 4.9) for the sake of clarity.
Figure 4.8 and 4.9 demonstrate the relationship between induction time and
supersaturation ratio for binary mixed NaDS/NaOBS systems precipitated by CaCl,
for three different molar ratios and demonstrating a wide range of calcium chloride
concentrations and a wide range of total surfactant concentrations below and above
the CMCs.

Figure 4.8 shows the induction time of NaDS/NaOBS systems
precipitated by CaCl, at a range of 25% NaDS and some data from the 50% NaDS
system versus the supersaturation ratio calculated with respect to Ca(OBS),. In this
case, the induction time curve suggests that only Ca(OBS), precipitates out from these
mixtures. The induction time of the mixed anionic surfactant precipitation at this
range of 25% and some data from the 50% molar ratios of NaDS/NaOBS systems is
very short compared to pure systems. This can be explained that NaDS and NaOBS
have many similar physical and chemical properties hence; the precipitation behavior

can be concluded to be similar.



143

160 ¢

140 | :
C o 25% NaDS (S, based on Ca(OBS),) 1

120 F e  50% NaDS (S, based on Ca(OBS),)
F —— Fitted line

100 E
80k
60 |

Induction time, t;4 (sec)

40 E

20 E

QL Q.

1.0 2.0 3.0 4.0 5.0 6.0 7.0
Supersaturation ratio, S,

Figure 4.8  Dependence of the induction time on the supersaturation ratio for
binary mixed NaDS/NaOBS systems precipitating by CaCl, for
25% and 50% NaDS molar ratios and supersaturation ratio

based on Ca(OBS),, at 30°C.

Figure 4.9 shows the induction time of NaDS/NaOBS systems
precipitated by CaCl, at a range of 75% NaDS, with some data from the 50% NaD$S
system (where supersaturation ratios suggest the Ca(DS), salt should precipitate)
versus the supersaturation ratio calculated with respect to Ca(DS),. It is quite difficult
to make a discussion on the dependence of induction time on supersaturation ratio,
which is calculated based on Ca(DS), for the NaDS/NaOBS systems in this case. For
clarity the induction time for pure NaDS precipitation is also plotted in Figure 4.9 in
order to compare the precipitation behavior between pure and mixed systems. It can
be observed that the induction time at this range of molar ratios of NaDS/NaOBS
systems is larger than the induction time in pure NaDS systems even for the same

supersaturation ratio value. Several points of experimental data are not plotted in the
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figure because the induction time value is quite large, but they are tabulated in Table 4.3.
Soontravanich S., and Scamehorn (2010a) showed that 60-65% NaDS molar ratio in
the binary mixed NaDS/NaOBS systems is the range of optimal molar ratio that
results in the maximum increase in the induction time. An increase in the induction
time can be also noted in this work over a range of 50-75% NaDS molar ratio in the
mixed NaDS/NaOBS systems. For clarity the supersaturation ratio of the individual
surfactant species have been calculated separately to observe which surfactant salt is
likely to be precipitating and all experimental data for all systems are tabulated in

Table 4.3.
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Figure 4.9  Dependence of the induction time on the supersaturation ratio for
binary mixed NaDS/NaOBS systems precipitating by CaCl, for
50%, 75%, and 100% NaDS molar ratios, and supersaturation

ratio based on Ca(DS),, at 30°C.
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Table 4.3 Induction time vs. supersaturation ratio for binary mixed NaDS/NaOBS

systems precipitating by CaCl, 30°C. Sy is given for both

possible sodium salts.

[NaS], | [CaCl,], 75% NaDS 50% NaDS 25% NaDS
M M Sops) | Sooss) | tind (S) | Sops) | Sooss) | tina (S) | Sows) | Sooss) | tind ()
0.003 0.0045 3.70 | 114 | 46.0 | 2.82 1.81 50.3 1.78 2.37 10.3
0.012 461 | 142 | 340 | 352 2.26 37.7 2.22 2.96 10.7
0.035 551 | 1.70 | 33.0 | 4.20 2.70 29.3 2.65 3.54 9.0
0.005 0.00065 | 2.95 | 0.91 68.7 | 2.25 1.44 Large 1.42 1.89 21.0
0.0018 401 | 124 | 303 | 3.06 1.96 59.7 1.93 2.57 12.7
0.004 498 | 154 | 27.7 | 3.80 2.44 29.0 2.39 3.20 11.3
0.0085 597 | 184 | 26.0 | 4.56 2.93 24.0 2.87 3.83 9.7
0.05 8.03 | 248 10.0 | 6.13 | 3.93 26.7 3.86 5.15 7.7
0.10 8.28 | 2.56 2.0 6.32 | 4.06 2.0 3.98 5.32 1.0
0.006 0.00065 | 3.30 | 1.02 | 1353 | 251 1.61 Large 1.58 2.12 22.7
0.0018 449 | 138 | 38.7 | 3.42 2.20 51.3 2.16 2.88 15.0
0.004 559 | 1.73 | 357 | 4.27 2.74 28.3 2.69 3.59 14.0
0.0085 6.72 | 2.07 28.0 | 513 | 3.29 21.3 3.23 4.31 12.0
0.05 9.05 | 2.79 2.3 6.91 | 4.43 16.3 4.35 5.81 8.0
0.10 934 | 2.88 2.0 7.13 | 4.58 1.0 4.49 6.00 1.0
0.008 0.001 448 | 1.38 | 153.3 | 3.42 2.20 Large 2.15 2.88 18.3
0.002 552 | 1.70 | 49.7 | 4.21 2.70 67.7 2.65 3.54 12.0
0.003 6.19 | 1.91 | 333 | 472 | 3.03 42.7 2.98 3.97 11.3
0.006 743 | 2.29 27.0 | 5.67 | 3.64 25.7 3.57 4.77 10.0
0.01 8.37 | 2.58 220 | 6.39 | 4.10 22.0 4.02 5.37 9.3
0.010 0.001 3.83 | 1.27 | Large | 3.58 2.34 Large 2.46 3.29 23.7
0.002 522 | 1.73 | 96.0 | 4.53 2.96 120.7 3.04 | 4.06 14.0
0.003 6.04 | 2.00 | 443 | 513 | 3.36 48.0 341 4.56 13.0
0.006 746 | 247 | 333 | 6.22 | 4.07 25.3 4.10 5.48 12.0
0.01 850 | 281 29.7 | 7.04 | 4.61 20.7 4.63 6.19 10.3
0.020 0.003 246 | 1.02 | Large | 2.11 1.71 Large 1.56 2.55 18.7
0.006 522 | 218 | 1140 | 425 | 3.5 46.7 2.89 4.73 10.0
0.01 6.85 | 2.85 | 44.0 | 547 | 4.43 17.7 3.64 5.96 1.0
0.030 0.003 155 | 0.72 | Large | 1.22 1.11 Large | 0.79 1.46 | 1517
0.006 291 | 1.36 | Large | 2.38 2.16 243.3 1.60 2.95 14.7
0.01 520 | 242 65.3 | 414 | 3.75 26.7 2.70 4.97 8.7
0.040 0.003 1.29 | 0.65 | Large | 1.00 | 0.97 Large | 0.62 1.25 | Large
0.006 2.05 | 1.03 | Large | 1.61 1.57 Large 1.02 2.04 34.7
0.01 358 | 1.79 | 175.0 | 2.86 2.79 61.3 1.84 3.68 10.7
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At 25% NaDS (75% NaOBS), the supersaturation ratio with
respect to Ca(OBS); is significantly larger than the supersaturation ratio with respect
to Ca(DS),. This is due to the amount of precipitating OBS™ in the mixtures being
significantly higher than the precipitating DS’". Consequently, Ca(OBS), will probably
precipitate first from the mixtures even though the solubility product of the two
surfactant salts is similar. The induction time for precipitation of Ca(OBS), in 75%
NaOBS molar ratio is quite short, the same as in the individual anionic surfactant
systems. It can be explained that the amount of precipitating OBS" is high enough to
greatly exceed the solubility product of Ca(OBS),. In this case, the inhibition of
binary anionic surfactant mixtures has not been observed.

Due to similar solubility product and molecular structure of
these two anionic surfactants, the precipitation of binary NaDS/NaOBS mixtures must
be carefully considered at 50% NaDS molar ratio. In this case, the induction time
appears to be larger than in pure anionic surfactant systems even though the
supersaturation ratios with respect to both Ca(DS), and Ca(OBS), are higher than in
pure systems. As can also be observed in Figure 4.10, the precipitation phase
boundary for 50% NaDS/NaOBS molar ratio shows essentially the same precipitation
behavior of these two anionic surfactants thus, it is difficult to say which precipitate is
coming out primarily, but Ca(DS), might precipitate first if we consider only the

higher value of the supersaturation ratio.
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Figure 4.10 Precipitation phase boundaries for an equimolar ratio of NaDS/NaOBS
mixtures precipitating by CaCl, at 30°C, and the experimental data

corresponding to the precipitation system.

At 75% NaDS (25% NaOBS) the supersaturation ratio with
respect to Ca(DS); is significantly larger than the supersaturation ratio with respect to
Ca(OBS),. In this case, the induction time is significantly higher than others even
though supersaturation ratio with respect to Ca(DS), is large. The inhibition of binary
anionic surfactant mixtures has been observed in most of the experimental data even
though the supersaturation ratio with respect to Ca(DS), is relatively high. The
precipitation behavior at 75% NaDS molar ratio is interesting with respect to what
delays the precipitate forming, because the same behavior can not been observed in

75% NaOBS, even though both surfactants have a similar structure and solubility. It
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should be noted that some data point of the precipitation system at 75% NaDS molar
ratio are strongly scattered, probably due to the poor prediction of the models
resulting in a worse prediction of theoretical precipitation phase boundary for 75:25
NaDS/NaOBS molar ratio as seen in Figure 3.15 in the previous chapter.

Furthermore, similar behavior can be observed in both binary
mixed NaDS/NaDeS and NaDS/NaOBS systems above the CMCs (10-40 mM NaS)
for the same total surfactant concentration and total calcium chloride concentration,
Even though the calculated supersaturation ratio of the single NaDS systems below
the CMC is slightly lower than the supersaturation ratio of the binary anionic
surfactant mixtures, assuming the solutions contain the same total amount of calcium
and total amount of surfactant, the induction time of binary mixed systems is still
larger than the induction time of the single NaDS systems at a range of 50-75% with
respect to NaDS. According to the previous chapter, we can explain what occurs
when changing the molar ratio; this will slightly increase the precipitation phase
boundary by lowering the CMC with respect to NaDS while the concentration of total
calcium concentration present in the system remains constant. For this reason, the
supersaturation ratio of binary mixed systems above the CMCs shows a higher value

than that of the single NaDS systems.



149

4.5.3 The Estimation of Kinetic Parameters of Anionic Surfactant

Precipitation

Figure 4.11 shows the relationship between induction time and
supersaturation ratio based on equation (4.8) for mixed NaDS/NaDeS systems. The
scattered experimental data is probably due to the stochastic nature of nucleation;
however a relationship can still be observed from the data with 95% confidence
intervals. The fitted line yields a slope of 0.0581+0.031 with an intercept value of
1.234+0.154. From the slope of fitted line in Figure 4.11, the interfacial energy is
calculated and is equal to 2.2+0.4 mJ/m?. The interfacial energy (») of the systems can
be calculated from the slope in order to estimate the kinetics of calcium surfactant salt

precipitation.
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Figure 4.11  Variation in the induction time as a function of supersaturation ratio for

the binary mixed NaDS/NaDeS systems precipitating by CaCl, at 30°C.
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From Figure 4.12 and 4.13 for the binary mixed NaDS/NaOBS
systems precipitating by CaCl,, the precipitation trends have been separated based on
different calcium surfactant salts. Consider Figure 4.12 where the supersaturation
ratio is based on Ca(OBS),, the fitting lines which corresponding to 25% NaDS§, gives
the slope equals to 0.034+0.006 with intercept value of 0.957+0.046 and for 50%
NaDS gives the slope equals to 0.041+0.029 with intercept value of 1.34+0.18.
Consider Figure 4.13 where the supersaturation ratio is based on Ca(DS),, the fitted
line which corresponding to 50% NaDS, gives the slope equals to 0.149+0.055 with
intercept value of 1.15+0.16 and for 75% NaDS gives the slope equals to 0.196+0.113

with intercept value of 1.23+0.25.
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Figure 4.12  Variation in the induction time as a function of supersaturation ratio
for the binary mixed NaDS/NaOBS systems precipitating

by CaCl, at 30°C where Sy is based on Ca(OBS);.
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Figure 4.13  Variation in the induction time as a function of supersaturation ratio
for the binary mixed NaDS/NaOBS systems precipitating

by CaCl, at 30°C where Sy is based on Ca(DS),.

The interfacial energy for all systems can be calculated from the slope
of the relationship between induction time and supersaturation ratio, and they are all
tabulated in Table 4.4. It can be concluded that the large value of interfacial energy
indicates a large time required precipitating the calcium surfactant salt. For instance,
the energy required to form the nuclei of Ca(DS), in pure systems and in mixed
NaDS/NaDesS is relatively close to each other when given the uncertainty to the
interfacial energy value. As well, it can be observed that the energy required to form
the nuclei of Ca(OBS), at 25% and 50% NaDS (but the supersaturation ratio is based
on Ca(OBS),) is close to each other. According to the interfacial energy value
summarized above, the Ca(OBS), and Ca(DS), precipitation by CaCl, behaves the

same trend and this may be due to the similar solubility product and structure.
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Table 4.4 The interfacial energy required for calcium surfactant salt precipitation

at 30°C.
Expected | Interfacial Energy, y | Pre-exp.
System o

Precipitate (mJ m?) factor (A)
Pure NaDS solution Ca(DS); 1.842 + 0.826 15.08
NaDS/NaDeS mixtures
- For all molar ratios studied Ca(DS); 2.252 £ 0.826 17.13
NaDS/NaOBS mixtures
- 25% NaDS (OBS’ based) Ca(OBS), 1.872 £ 0.180 9.05
- 50% NaDS (OBS’ based) Ca(OBS), 1.999 + 0.180 21.84
- 50% NaDS (DS based) Ca(DS); 3.084 +0.403 14.05
- 75% NaDS (DS based) Ca(DS); 3.376 £ 0.403 16.87

It is interesting that the energy required to form the nuclei of Ca(DS),
from the 50-75% NaDS molar ratio systems is different compared to the interfacial
energy value with respect to Ca(DS), mentioned previously, and the value can imply
the inhibition of precipitation of mixed NaDS/NaOBS mixtures. In this case, there is a
change in kinetics of precipitation as the energy required to create the critical nuclei
changes at these molar ratios of NaDS/NaOBS systems is much larger for same
calcium surfactant salt (Ca(DS),). The larger interfacial energy required, the longer
induction time, and the lower the nucleation rate.

In order to elucidate the kinetics and mechanism of mixed anionic
surfactant precipitation by hardness ions, the estimated interfacial energy in this work
will be used to estimate the nucleation rate and the excess Gibbs free energy change
of formation of critical nuclei (rc) corresponding to the solution supersaturation as

shown in Figure 4.14. Considering only the mixed NaDS/NaOBS systems in
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Figure 4.14, the nucleation rate of Ca(DS), and Ca(OBS), follows the same trend as
DS and OBS tails have similar size; although the former is totally aliphatic while the

latter has an aromatic portion and also the similar solubility product.
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Figure 4.14  Dependence of the nucleation rate and the excess Gibbs free energy
change of formation of critical nuclei as a function of degree of
supersaturation for the binary mixed NaDS/NaOBS systems

precipitating by CacCl, at 30°C.

The nucleation rate increases as the supersaturation ratio increases and
also the Gibbs free energy change required for the critical nucleus decreases as
supersaturation ratio increases. However, it can be observed that the kinetics of
precipitation of Ca(DS), are changed when the molar ratio ranging between 50-75%
NaDS/NaOBS with respect to NaDS. This indicates that the inhibition in binary
mixed anionic surfactants precipitation is partly due to the kinetic change due to the

interfacial energy change.
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Moreover, the radius of the critical nucleus from different systems as a
function of supersaturation ratio is shown in Figure 4.15, and it can be observed that
Ca(DS); precipitating from 50-75% NaDS/NaOBS systems requires a much larger
critical nucleus size than Ca(DS), precipitating from pure NaDS solution. The
requirement for larger critical nucleus radius indicates that a larger induction time is

required.
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Figure 4.15  Variation of radius of critical nucleus of calcium surfactant salts

as a function of supersaturation ratio at 30°C.
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4.6 Conclusions

The precipitation of single anionic surfactant precipitated by CaCl, at a
specific temperature depends only on the supersaturation of the precipitating species
in the bulk solution both below and above the CMC as can be seen from the induction
time being a function of supersaturation ratio. Above the CMC the concentration of
the anionic surfactant monomers continuously decreases as the unbound sodium ion
content increases due to dissociation from the surfactant molecule. A fraction of
calcium ions are bound to the charged micelles reducing the amount of unbound
calcium ions in the bulk solution.

The precipitation of calcium surfactant salts in binary mixed anionic surfactant
systems can be summarized as following: for mixtures of NaDS and NaDeS
precipitated by CaCl, the induction time is only a function of the supersaturation ratio
calculated based on Ca(DS),. At same supersaturation ratio value, the induction time
from different molar ratios is not significantly different. From the relationship
between the induction time and the supersaturation ratio it can be concluded that only
Ca(DS), will precipitate out from the mixtures, and this is because the solubility
product of Ca(DS), is much larger than the solubility product of Ca(DeS),. In this
case, the difference in the number of carbon atom in the surfactant backbone does not
increase the induction time. From the experimental data, we can summarize that the
increase in the induction time is only due to the change in precipitating species (DS’)
because of the molar ratio and thermodynamic change of mixed micellization.

For the mixed NaDS/NaOBS precipitating by CaCl,, the precipitation of
calcium surfactant salts can be considered based on either Ca(DS), or Ca(OBS),. For

precipitation of Ca(OBS), occurs in the systems of 25-50% NaDS molar ratio it
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should be noted that the data taken from some Ca(OBS), precipitating in 50% NaDS
molar ratio systems which the data are close to the pure Ca(OBS), precipitation
systems. At this range of molar ratio, the inhibition of precipitation is not found in the
mixed NaDS/NaOBS systems.

For precipitation of Ca(DS), in the systems of 50-75% molar ratio of
NaDS/NaOBS mixtures, the induction time is not a function of supersaturation ratio,
which is calculated based on Ca(DS), but the different precipitation trend can be
observed when compared to the pure NaDS precipitating by CaCl, systems. In this
case, the inhibition of precipitation is observed as the induction time appears larger
than in the pure systems at the same degree of supersaturation with respect to
Ca(DS),. The inhibition is due to the change in precipitating species (DS") because of
the molar ratio and thermodynamic change of mixed micellization. In this case a
change in kinetics of precipitation would also be predicted.

The kinetics of precipitation of binary mixed anionic surfactants can be found
at 50-75% NaDS/NaOBS systems, the interfacial energy estimated from the
relationship of induction time and supersaturation ratio reveals that the time required
precipitating the Ca(DS), in 50-75% NaDS/NaOBS systems is larger than the time
required to precipitate in pure NaDS solution. The other Kkinetic parameters such as
nucleation rate, Gibbs free energy change of formation of critical nucleus, and the
radius of critical nucleus are estimated, they reveal that the inhibition of anionic

surfactant precipitation is partly due to kinetic changes.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

Avoidance of precipitation of surfactants in the detergency industry is
especially important for acceptable cleaning results. An important characteristic of
anionic surfactants that is deleterious to their use in many detergency applications is
their tendency to precipitate from solutions, especially when used in hard water,
forming soap scum. The thermodynamic and kinetic parameters involved in the
precipitation process of the soap scum, and in particular the precipitation boundary as
the surfactant is mixed with hard water is still extremely important, but these are quite
limited in scientific literature.

This research aims to extend the understanding of surfactant precipitation,
both in aspects of thermodynamics and kinetics, since the use of surfactant mixtures
reveals considerable manipulation of precipitation behavior. Surfactant mixtures can
have synergistic advantages over the use of a single surfactant. Binary anionic
surfactants were used to systematically investigate the synergistic effect to delay the
induction time of anionic surfactants precipitated by divalent ions.

In order to achieve the research goal it is necessary to investigate the

thermodynamic parameters of mixed micellization and the effect of counterion
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binding to the micelle. Properties of the anionic surfactants sodium decyl sulfate
(NaDeS), sodium dodecyl sulfate (NaDS), and sodium octylbenzene sulfonate (NaOBS)
have been determined in both single and binary mixed surfactants in aqueous solution
systems. Regular solution theory has been used to thermodynamically treat the
micellization of mixed anionic surfactants. The model shows a satisfactory prediction
of the critical micelle concentration (CMC) of surfactant mixtures together with
providing equilibrium compositions in monomeric and micellar phases. The mixed
micelle is ideal for the NaDS/NaOBS mixture; not surprising given the similarity in
structure.  The NaDS/NaDeS mixture is slightly nonideal (having attractive
interactions in the micelle) with the nonideality probably being due to the difference
in the number of carbon atoms in the backbone of the surfactant molecule. The effect
of the counterion on the CMC of anionic surfactants has been measured for the pure
surfactants. Experimentally, the CMC of the anionic surfactant depends on the
concentration of the monovalent cations present in the solution, and can be described
by the Corrin-Harkins relationship, while the dependence of the CMC on the
concentration of divalent cations is far less significant. Moreover, the behavior of
counterion binding to micelle of anionic surfactant system is investigated
quantitatively. Experimentally, the counterion binding of sodium to the micelle is
influenced by the calcium ion concentration, and vice versa. However the total degree
of counterion binding is essentially constant at approximately 0.65 charge negation at
the micelle’s surface. The counterion binding coefficients can be quantitatively
modeled using a simple equilibrium model relating concentrations of bound and

unbound counterion.
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Furthermore, general thermodynamic properties of calcium surfactant salts
are required to better understand the anionic surfactant precipitation by counterions,
for instance solubility data, Krafft temperature, CMC, and energy required for
dissolution; however these are quite limited in the literature. These thermodynamic
data will help to accurately predict the precipitation phase boundary of anionic
surfactant used in this study when precipitated by CaCl,. Experimentally, the results
reveal more accurately thermodynamic data from the experiments, which allows
better thermodynamic modeling of the precipitation phase boundary of single and
binary mixed anionic surfactant systems. The work has accurately measured the Ksp
value of Ca(DS); in aqueous solution over the temperature range of 10 to 55°C. The
Ksp in this system exponentially increases with increasing temperature, resulting in
the Kgsp at 55°C being orders of magnitude larger than the value at 10°C. In the same
manner, the work has also accurately measured the Kgsp value of Ca(DeS), in aqueous
solution over the temperature range of 20 to 30°C. The Kgp of calcium 4-
octylbenzenesulfonate in aqueous solution has been measured at only 30°C.

Thermodynamic properties of calcium surfactant salts dissolution in water
such as, enthalpy, entropy, and Gibbs free energy are also investigated in this work.
The calculated data shows the energy required to dissolve the calcium surfactant salts
decreases as the temperature increases as the process is an endothermic process. The
Gibbs free energy for the dissolution of calcium surfactant salts above the Krafft
temperature indicates that the dissolved surfactant is more stable in micellar form as it

has the lower Gibbs free energy.
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The precipitation phase boundary for Ca(DS), in solutions of NaDS and
CaCl,, and binary mixed NaDS/NaOBS and NaDS/NaDeS systems can be predicted
by the improved models that contain equations for the phase equilibrium between
monomeric surfactant and unbound calcium ions, the Kgp as a function of
temperature, the activity coefficients of the key species as a function of temperature
and ionic strength, and models that predict the micellization parameters, such as
monomeric surfactant concentration as a function of temperature and ion
concentrations, and also the chemical equilibrium model of counterion binding to the
micelle. The fit of the model using a Ksp value determined from experiments of pure
Ca(DS); in water gives a good fit to the experimentally determined precipitation
boundary determined in this work, but gives a slightly worse fit to the experimental
precipitation boundary studied in a previous work. This is to be expected since
fundamentally measured parameters can never improve a fit to a model in comparison
to models using parameters fitted to the data. The improved models better fit the data
above the CMC in the system than earlier models, where the model for the micelle
formation and counterion binding is dominant in determining the total amounts of
NaDS and CaCl; present in the system required to form precipitates. Below the CMC
the only modeling required is that for the Ksp value and the activity coefficients, and it
is here that the model fitting is quite good. It may be noted that the Ksp value
measured at 30°C is only 2.122x10™'° in comparison to the value predicted from the
phase boundary which is 5.02x10°. The precipitation phase boundary for Ca(DS), in
solutions of equimolar ratio of binary mixed NaDS/NaOBS precipitating by CacCl,
can be predicted by the improved models that contains equations of pseudophase

separation theory, regular solution theory, and also chemical equilibrium of
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counterions binding to the micelle. The models show a satisfactory prediction of
precipitation phase boundary of Ca(DS), in the equimolar ratio of NaDS/NaOBS
precipitating by CacCls,.

The precipitation of single anionic surfactant precipitating by CaCl, at a
specific temperature depends only on the supersaturation of the precipitating species
in the bulk solution both below and above the CMC as can be seen from the induction
time being a function of supersaturation ratio only. Above the CMC the concentration
of the anionic surfactant monomers continuously decreases as the unbound sodium
ion content increases which dissociated from surfactant molecule. The fraction of
calcium ions are bound the charged micelles reducing the amount of unbound calcium
ions in the bulk solution.

The precipitation of calcium surfactant salts in binary mixed anionic surfactant
systems can be summarized as follows: for mixed NaDS/NaDeS precipitated by
CaCl,, the induction time is only a function of the supersaturation ratio calculated
based on Ca(DS),. At same supersaturation ratio value, the induction time from
different molar ratios is not significantly different. From the relationship between the
induction time and the supersaturation ratio it can be concluded that only Ca(DS),
will precipitate out from the mixtures, and this is because the solubility product of
Ca(DeS), is much larger than the solubility product of Ca(DS),. In this case, the
difference in the number of carbon atom in the surfactant backbone does not increase
the induction time. From the experimental data, we can summarize that the increase in
the induction time is only due to the change in the concentration of the precipitating
species (DS’) because of the molar ratio and thermodynamic changes due to mixed

micellization.
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For the mixed NaDS/NaOBS precipitating by CaCl,, the precipitation of
calcium surfactant salts can be considered based on Ca(DS), and Ca(OBS),.
Precipitation of Ca(OBS), occurs in the systems of 25-50% NaDS molar ratio. It
should be remarked that Ca(OBS), precipitating in 50% NaDS molar ratio systems are
collected from some precipitation systems where the data are similar to pure
Ca(OBS), precipitation systems. At this range of molar ratio, the inhibition of
precipitation is not found in the mixed NaDS/NaOBS systems.

For precipitation of Ca(DS), in the systems of 50-75% molar ratio of
NaDS/NaOBS mixtures, the induction time is essentially not a function of
supersaturation ratio calculated based on Ca(DS),, as a different precipitation trend
can be observed when compared to the pure NaDS systems precipitates by CaCl,. In
this case, the inhibition of precipitation is observed as the induction time appears
larger than in the pure systems at the same degree of supersaturation with respect to
Ca(DS),. The inhibition is due to the change in precipitating species (DS") because of
the molar ratio and thermodynamic change of mixed micellization. In this case, it is
also observed the change in kinetics of precipitation.

The kinetics of precipitation of binary mixed anionic surfactants can be found
at 50-75% NaDS/NaOBS systems; the interfacial energy estimated from the
relationship of induction time and supersaturation ratio reveals that the time required
to begin precipitation of the Ca(DS), in 50-75% NaDS/NaOBS systems is larger than
the time required to begin precipitation for pure NaDS solution. The other Kinetic
parameters such as nucleation rate, Gibbs free energy change of formation of critical
nucleus, and the radius of critical nucleus are estimated. They reveal that the

inhibition of anionic surfactant precipitation is partly due to kinetic change.
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8.2 Recommendations

The current thermodynamic model fits dilute NaDS data quite well, but
becomes less accurate as the system approaches the CMC value. There may be several
reasons for this reduction in fitting ability as the NaDS concentration becomes higher,
but perhaps the most likely reason is that the extended Debye-Hickel expression may
be unable to accurately determine the effect of the ionic strength on the activity of the
surfactant monomer ion. This has been suggested previously in submicellar solutions
of sodium alkyl sulfates where deviations from the Debye-Hickel theory were noted,
and possibly explained by variations in the hydrophobic hydration of the alkyl chains
as the surfactant content increased. It may be necessary to determine more accurate
models for activity coefficients for surfactants.

This work assumed that the micelle is a separate phase, which will not
contribute much to the ionic strength of the electrolyte solution and thus activity
coefficient. The ionic strength of the electrolyte solution was estimated by accounting
the counterion binding to the micelle effect; however, this resulted in a worse
prediction of precipitation phase boundary. Moreover, it should be noted that some
data point of the precipitation system at 75% NaDS molar ratio are highly scattered;
this is probably due to the poor prediction of the thermodynamic models of mixed
micellization of regular solution theory resulting in a worse prediction of theoretical
precipitation phase boundary for 75:25 NaDS/NaOBS molar ratio.

Furthermore, it may be necessary to confirm an accurate value of the
calculated interfacial energy from the slope of the relationship between induction time
and supersaturation ratio, because the value of interfacial energy indicates the time

required for precipitation of the calcium surfactant salt. The estimated interfacial
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energy in this work is used to estimate the nucleation rate of the related solution;
hence, the experimental determination of nucleation rate as a function of
supersaturation ratio is needed to confirm the calculated nucleation rate estimated
from the relationship of interfacial energy based on classical homogeneous
nucleation. This has not been performed in this work because of the lack of suitable
instrument for an investigation of the nucleation process, which would occur at

extremely large rates in these systems.
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A.1 Single NaDS Precipitated by Calcium Chloride

A.1.1 Example of Calculation of the Supersaturation Ratio for the
Precipitation of NaDS above the CMC
The total NaDS is 0.020 M mixed with 0.005 mM CaCl, aqueous
solution at 30°C. The measured value of the Ksp of Ca(DS), in aqueous solution is
2.122x10™% at 30°C. We will use equation below to calculate the supersaturation ratio

of this solution:

Ca*1. [DS Ty f o f2 )
SO Z([ ]unb[ ]mon Ca DS ] (Al)

Ksp

The amount of DS™ monomers can be quantified by the use of Corrin-Harkins

relationship, and mass balances at 30°C as equation (A.1):
IN[CMC] = —7.899 —0.6142 In[Na*],, (A.2)

where [DS] = [CMC] at the CMC and from the mass balance of sodium:
[NaDS]=[Na"],,, +[Na“], (A.3)

Equation (A.2) gives:

IN[DS “],.,, = —7.899 — 0.6142 In({NaDS]—[Na],) (A.4)
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The amount of unbound Ca?* ion in equation (A.1) can be quantified by the use of

chemical equilibrium of counterion binding to the micelle model with K =0.015, and

mass balances at 30°C as follows:

e [ee]

|:Na+ ]unb _I:DS_:|mon |:Ca2+ :|unb

According to the mass balances of NaDS and CaCly:

[CaC|2] = [Ca2+]unb + [Caz+]b
[NaDS] = [DS 7]mon + [DS 7]mic

Equation (A.5) gives:

[Na+]b _0015 [Ca'2+]b

[NaDS]-[Na‘], —-[DS 1.,

mon

[CaCl,]-[Ca*],

(A.5)

(A.6)

(A7)

(A8)

From the definition of the degree of counterion binding to the micelle corresponding to

the mono- and divalent cations present in the bulk solution:

_ [NaDS] -[Na'l,, [Na‘],
Na'  [NaDS]-[DS°]... [DS’]

mon mic

_ 2[cacl,]-[Cca*],,)  2[Ca*],
~ [NaDS]-[DS°]... [DS7]

ﬁca2+

mon mic

(A.9)

(A.10)
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Therefore, the above two equations give the total degree of total counterion binding:

~ _[Na*], +2[Ca*],
Br =By + Py = (DS ]

=0.65 (A.11)

mic

Solving equation (A.4), (A.8), and (A.11) simultaneously in Maple using the algorithm
fsolve, when given m = [CaCl,], n = [NaD$], x = [Na']s, y = [Ca*']», and z = [DS’

Jmon- T, @, and h are the functions.

> m:=0.005;

> n:=0.020;

> f:=(x+y)/(n-2)=0.65:

> g:=x/(n-x-2)-0.015y/(m-y)=0:

> h:=z-exp(-7.899 — 0.6142-In(n - x)) = 0:

\%

fsolve({f, g, h}, {x, v, 2}, {x =10° .n-10°, y = 10" .m - 10", = 10° .n - 10™%});
Solution:

{x=0.001471850161, y = 0.004366777681, z = 0.004299376118}

The software gives the answer as follows:

[Na']s = 0.00147 M, [Ca®*], = 0.00437 M, and [DS Jmon = 0.0043 M
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Therefore, from the mass balances:
[Na*]unp = 0.01853 M, [Ca?*]um = 0.00063 M, and [DS ]mic = 0.0157 M
The activity coefficients in equation (A.1) can be calculated via the Debye-Huckel

equation:

_ A(Zi)le/Z

Cga i 03 (A.12)

log f, =
The parameters in the Debye-Hiickel equation are discussed in Chapter 3, section

3.3.1.2, and the ionic strength can be determined from the following equation:

=230 (A13)

From the given total concentration of NaDS and CaCl,, the activity coefficients are:
fos =0.8758
fca? = 0.6002

Thus, the supersaturation ratio is:

(0.00063)(0.0043)? (0.6002) (0.8758)2 |
So = - = 293
2.122x10

In order to find the saturated point where S; = 1 for each NaDS
concentration for both below and above the CMC, the CaCl, concentration will be
varied until the solubility product is satisfied, and then the supersaturation ratio

reaches unity as shown in Table A.1.
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In Table A.1, the calculation starts at the surfactant concentration
below the CMC which is 0.0079 M of NaDS aqueous solution. A new chemical
equilibrium model that involving with sodium and calcium ions bound to the micelle
is applied for the concentration above the CMC therefore, we known the
concentration of bound and unbound counterions above the CMC corresponding to

the system studies with varying NaDS and CaCl, concentration.



Table A.1 The results of calculation of saturated points (precipitation phase boundary) from the improved models of anionic

surfactant precipitation.

[NaDS] | [CaCl], | [DSTmon [Ca™] [Na']; [Naluno | [Ca™Tun [CI] I fos fea So

2.00x10* | 1.82x10° | 2.00x10* 0.00 0.00 2.00x10* | 1.82x102 | 3.64x10% | 5.48x10% | 0.8044 | 0.4515 | 1.00
4.00x10* | 2.25x10° | 4.00x10™ 0.00 0.00 4.00x10% | 2.25x10°% | 4.49x10° | 7.14x10° | 0.9152 | 0.7065 1.00
1.00x10° | 2.82x10* | 1.00x10 0.00 0.00 1.00x10° | 2.82x10” | 5.64x10* | 1.85x10° | 0.9536 | 0.8280 1.00
2.00x10° | 7.23x10° | 2.00x10° 0.00 0.00 2.00x10° | 7.23x10° | 1.45x10™ | 2.22x10° | 0.9495 | 0.8143 1.00
4.00x10% | 2.00x10° | 4.00x10° 0.00 0.00 4.00x10° | 2.00x10° | 3.99x10° | 4.06x10° | 0.9338 | 0.7629 | 1.00
6.00x10° | 9.59x10° | 6.00x10° 0.00 0.00 6.00x10°% | 959x10° | 1.92x10° | 6.03x10° | 0.9212 | 0.7242 | 1.00
7.00x10° | 7.29x10° | 7.00x10° 0.00 0.00 7.00x10° | 7.29x10° | 1.46x10° | 7.02x10° | 0.9158 | 0.7082 1.00
7.50x10° | 6.46x10° | 7.50x10° 0.00 0.00 7.50x10° | 6.46x10° | 1.29x10° | 7.52x10° | 0.9133 | 0.7008 | 1.00
7.70x10° | 6.17x10° | 7.70x10° 0.00 0.00 7.70x10° | 6.17x10° | 1.23x10° | 7.72x10° | 0.9123 | 0.6980 1.00
7.85x10° | 5.96x10° | 7.85x10° 0.00 0.00 7.85x10° | 5.96x10° | 1.19x10° | 7.87x10° | 0.9116 | 0.6959 | 1.00

8.00x10° | 1.51x10™ | 7.30x10° 1.44x10* 1.69x10* | 7.83x10° 6.86x10°° 3.02x10* | 7.73x10° | 0.9123 | 0.6978 1.00

9.00x10° | 2.88x10™ | 7.05x10° 2.81x10™ 7.00x10% | 8.29x107° 7.42x10°8 5.77x10% | 7.97x10° | 0.9111 | 0.6944 1.00

1.00x102 | 3.80x10* | 6.84x10° 3.72x10™ 1.31x10° | 8.69x10° | 7.91x10° 7.61x10™ | 8.16x10° | 0.9102 | 0.6918 1.00

2.00x107 | 9.48x10™ | 5.49x10° 9.35x10* 7.56x10° | 1.24x1072 1.29x10° 1.90x10° | 9.94x10° | 0.9023 | 0.6696 1.00

4.00x102 | 2.09x10° | 4.01x10% 2.07x10° 1.93x102 | 2.07x10% 2.69x107 4.19x10° | 1.45x102 | 0.8855 | 0.6246 1.00

6.00x107 | 3.55x10° | 3.19x10° 3.50x10° 2.99x107 | 3.01x10? | 4.72x10° 7.10x10° | 2.03x102 | 0.8686 | 0.5828 1.00

8.00x102 | 5.38x10° | 2.67x10° 5.30x107 3.97x10° | 4.03x1072 7.55x107 1.08x102% | 2.70x102% | 0.8524 | 0.5456 1.00

Remark: * The concentration is in the unit of molar (mole/L)

GLT
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B.1 Binary Mixed NaDS/NaDeS Precipitated by Calcium Chloride

B.1.1 Example of Calculation of the Supersaturation Ratio for the
Precipitation of the equimolar ratio of NaDS/NaDeS system
above the CMC
The total NaS is 0.012 M mixed with 0.010 M CaCl, aqueous solution
at 30°C. The CMC of the binary NaDS/NaDeS mixtures (CMCy) for an equimolar
ratio is equal to 0.0098 M from the experimental measurement. For equimolar ratio,
[NaS] = [NaDS] + [NaDeS] = 0.0060 + 0.0060 M. The measured value of Ksp of
Ca(DS), in aqueous solution is 2.122x10™° while measured value of Kgsp of Ca(DeS),
in aqueous solution is 2.677x107 at 30°C. Clearly, Ca(DS), will precipitate out from
the solution because of the lower Ksp. We will use equation below to calculate the

supersaturation ratio of this solution:

(B.1)

1/3
o _[[C2*1ulDS T Toe £
0
Ksp

The amount of DS™ monomers can be quantified by the use of the regular solution
theory and pseudophase separation theory, and mass balances at 30°C the series of
equations discussed in Chapter 2, section 2.32. The results from the iterative

calculation by regular solution theory are shown in Table B.1.
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Table B.1 The results of the iterative calculation of binary mixed NaDS/NaDeS

system equimolar ratio where [NaS] = 0.012 M by the regular solution

model at 30°C.

[Nas] 4] a Xy 7AiM om | CMCwy | [STmic [STmon Xy
12 0.5 0.5000 | 0.7328 | 0.9166 | 0.5194 | 10.087 | 1.9128 10.0872 0.6965
12 0.5 0.4627 | 0.6965 | 0.8937 | 0.5533 | 10.429 | 1.5708 10.4292 0.6835
12 0.5 0.4724 | 0.6835 | 0.8850 | 0.5655 | 10.339 | 1.6609 10.3391 0.6986
12 0.5 0.4681 | 0.6986 | 0.8951 | 0.5514 | 10.379 | 1.6208 10.3792 0.6871
12 0.5 0.4708 | 0.6871 | 0.8874 | 0.5621 | 10.355 | 1.6450 10.3550 0.6954
12 0.5 0.4690 | 0.6954 | 0.8930 | 0.5544 | 10.372 | 1.6280 10.3720 0.6895
12 0.5 0.4703 | 0.6895 | 0.8890 | 0.5599 | 10.360 | 1.6397 10.3603 0.6937
12 0.5 0.4693 | 0.6937 | 0.8918 | 0.5560 | 10.369 | 1.6313 10.3687 0.6907
12 0.5 0.4700 | 0.6907 | 0.8899 | 0.5587 | 10.363 | 1.6372 10.3628 0.6928
12 0.5 0.4695 | 0.6928 | 0.8913 | 0.5568 | 10.367 | 1.6330 10.3670 0.6913
12 0.5 0.4699 | 0.6913 | 0.8903 | 0.5582 | 10.364 | 1.6360 10.3640 0.6924
12 0.5 0.4696 | 0.6924 | 0.8910 | 0.5572 | 10.366 | 1.6339 10.3661 0.6916
12 0.5 0.4698 | 0.6916 | 0.8905 | 0.5579 | 10.365 | 1.6354 10.3646 0.6922
12 0.5 0.4697 | 0.6922 | 0.8908 | 0.5574 | 10.366 | 1.6343 10.3657 0.6918
12 0.5 0.4698 | 0.6918 | 0.8906 | 0.5577 | 10.365 | 1.6350 10.3650 0.6921
12 0.5 0.4697 | 0.6921 | 0.8908 | 0.5575 | 10.365 | 1.6345 10.3655 0.6919
12 0.5 0.4697 | 0.6919 | 0.8906 | 0.5577 | 10.365 | 1.6349 10.3651 0.6920
12 0.5 0.4697 | 0.6920 | 0.8907 | 0.5575 | 10.365 | 1.6346 10.3654 0.6919
12 0.5 0.4697 | 0.6919 | 0.8907 | 0.5576 | 10.365 | 1.6348 10.3652 0.6920
12 0.5 0.4697 | 0.6920 | 0.8907 | 0.5576 | 10.365 | 1.6347 10.3653 0.6919
12 0.5 0.4697 | 0.6919 | 0.8907 | 0.5576 | 10.365 | 1.6348 10.3652 0.6920
12 0.5 0.4697 | 0.6920 | 0.8907 | 0.5576 | 10.365 | 1.6347 10.3653 0.6919
12 0.5 0.4697 | 0.6919 | 0.8907 | 0.5576 | 10.365 | 1.6348 10.3652 0.6920
12 0.5 0.4697 | 0.6920 | 0.8907 | 0.5576 | 10.365 | 1.6347 10.3653 0.6919
12 0.5 0.4697 | 0.6919 | 0.8907 | 0.5576 | 10.365 | 1.6347 10.3653 0.6920
12 0.5 0.4697 | 0.6920 | 0.8907 | 0.5576 | 10.365 | 1.6347 10.3653 0.6920
12 0.5 0.4697 | 0.6920 | 0.8907 | 0.5576 | 10.365 | 1.6347 10.3653 0.6920
12 0.5 0.4697 | 0.6920 | 0.8907 | 0.5576 | 10.365 | 1.6347 10.3653 0.6920
12 0.5 0.4697 | 0.6920 | 0.8907 | 0.5576 | 10.365 | 1.6347 10.3653 0.6920
12 0.5 0.4697 | 0.6920 | 0.8907 | 0.5576 | 10.365 | 1.6347 10.3653 0.6920

Remark: * The concentration is in the unit of millimolar (millimole/L)
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Therefore, we know the equilibrium composition of each species in

binary mixed NaDS/NaDeS system by the regular solution theory as following:

[NaDS] = z;[NaS] = (0.5)(12.0) = 6.0 mM

[S-Jmon = 10.3653 mM

[STmic = 1.6347 mM

[DSTmon = @[S ]mon = (0.4697)(10.3653) = 4.8686 mM
and thus,

[DeS T mon = 10.3653 - 4.8686 = 5.4967 mM

[DS Tmic = X1[S Tmic = (0.6920)(1.6347) = 1.1312 mM
and thus,

[DeS mic = 1.6347 — 1.1312 = 0.5035 mM

The amount of unbound Ca®* ion in equation (B.1) can be quantified by

the use of chemical equilibrium of counterion binding to the micelle model with K =
0.015 when the total anionic surfactant monomer concentration [S-Jmon is known

from the regular solution theory, and mass balances at 30°C as follows:

+ 2+
- [Na ]b - — 0015 [Ca2'+ ]b
[Na ]unb _[S ]mon [Ca ]unb

(B.2)

According to the mass balances of NaS and CaCl.:

[CaCl,]=[Ca*],, +[Ca™], (8:3)
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[NaS]=[Na"],, +[Na"], (B.4)

[NaS] Z[Si] +[Si]mic (BS)

mon

Equation (B.2) gives:

[Na'], —0.015 [C3-2+]b
[NaS]-[Na"], =[S ] on [CaCl,]-[Ca*],

(B.6)

From the definition of the degree of counterion binding to the micelle

corresponding to the mono- and divalent cations present in the bulk solution:

_ [Nas]_[Na+]unb — [Na+]b
P = INaST=[5 1oy [S T B7)
g = 2([cacl,]-[Ca*1,,) _ 2Ca™], 89

[NaS]_[S_]mon [S_]mic

Therefore, the above two equations give the total degree of total counterion binding:

_ _[Na'], +2[Ca®],
Fr=Pra+ P [S e

=0.65 (B.9)

Solving equation (B.6) and (B.9) simultaneously in Maple by this algorithm using
fsolve function when given m = [CaCl,], n = [NaD], x = [Na's, y = [Ca®*]s. Where

Z =[S ]mon = 10.3653 mM. fand g are the functions.
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\

m :=0.010;

> n:=0.012;

> 7:=0.0103653;

> f:=(x+y)/(n-2z)=0.65:

> g:=x/(h—x-2)-0.015y/(m-y)=0:

> fsolve({f, g }, {x, v} {x=10°.n-10° y=10"" .m—-10"%);

Solution:

{x =0.000001372781940, y = 0.0005305911092}
The software gives the answer as follows:
[Na], = 1.373x10° M and [Ca*']y = 5.306x10™* M
Therefore, from the mass balances:
[Naunp = 1.199x107% M, [Ca®* uny = 9.469%x10° M
The activity coefficients in equation (B.1) can be calculated via the Debye-Huckel

equation:

_ A(Zi)2|1/2

The parameters in the Debye-Hiickel equation are discussed in Chapter 3, section

3.3.1.2 and the ionic strength can be determined from this equation of ionic strength:
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1 2
=220 (B.11)

From the given total concentration of NaDS and CaCly, the activity coefficients are:
fs =0.8239
fca = 0.4871

Thus, the supersaturation ratio based on Ca(DS); is:

(9.47x107%)(4.87x107%)?(0.4871)(0.8239)% |~
So = — = 7.05
2.122x10

and the supersaturation ratio based on Ca(DeS), at the same total concentration of

NaS and CaCl, is:

(9.47x107)(L.61x1072)2(0.4871)(0.8239)? \
S, = = = 015
2.677x10

In order to find the saturated point where Sp = 1 for each NaS
concentration in equimolar ratio system for both below and above the CMCy, the
CaCl; concentration will be varied until the solubility product of each calcium salts of
surfactant is satisfied, and then the supersaturation ratio reaches the unity as shown in

Table B.2.



Table B.2

The results of calculation of saturated points (precipitation phase boundary) from the improved models

Of binary mixed NaDS/NaDeS precipitation by CacCls.

NaS] | [CaCl] | [DSTe | [STon | [STwc | [DSTwon | [DeSThon | [Ca™ly | [NaTy | [Ca™Tuws | | | e | 0% | o
4.00E-04 | 1.83E-02 | 2.00E-04 | 4.00E-04 | 0.00E+00 | 2.00E-04 | 2.00E-04 | 0.00E+00 | 0.00E+00 | 1.83E-02 | 5.53E-02 | 0.8036 | 0.4502 | 1.00 0.02
8.00E-04 | 2.32E-03 | 4.00E-04 | 8.00E-04 | 0.00E+00 | 4.00E-04 | 4.00E-04 | 0.00E+00 | 0.00E+00 | 2.32E-03 | 7.76E-03 | 0.9121 | 0.6974 | 1.00 0.02
1.60E-03 | 4.80E-04 | 8.00E-04 | 1.60E-03 | 0.00E+00 | 8.00E-04 | 8.00E-04 | 0.00E+00 | 0.00E+00 | 4.80E-04 | 3.04E-03 | 0.9418 | 0.7887 | 1.00 0.02
2.00E-03 | 3.05E-04 | 1.00E-03 | 2.00E-03 | 0.00E+00 | 1.00E-03 | 1.00E-03 | 0.00E+00 | 0.00E+00 | 3.05E-04 | 2.92E-03 | 0.9429 | 0.7922 | 1.00 0.02
4.00E-03 | 8.10E-05 | 2.00E-03 | 4.00E-03 | 0.00E+00 | 2.00E-03 | 2.00E-03 | 0.00E+00 | 0.00E+00 | 8.10E-05 | 4.24E-03 | 0.9325 | 0.7588 | 1.00 0.02
8.00E-03 | 2.30E-05 | 4.00E-03 | 8.00E-03 | 0.00E+00 | 4.00E-03 | 4.00E-03 | 0.00E+00 | 0.00E+00 | 2.30E-05 | 8.07E-03 | 0.9106 | 0.6931 | 1.00 0.02
9.70E-03 | 1.66E-05 | 4.85E-03 | 9.70E-03 | 0.00E+00 | 4.85E-03 | 4.85E-03 | 0.00E+00 | 0.00E+00 | 1.66E-05 | 9.75E-03 | 0.9031 | 0.6718 | 1.00 0.02
1.00E-02 | 2.55E-04 | 5.00E-03 | 8.97E-03 | 1.03E-03 | 5.00E-03 | 3.97E-03 2.40E-04 | 1.89E-04 | 1.59E-05 | 1.08E-02 | 0.8990 | 0.6604 | 1.00 0.02
1.20E-02 | 5.25E-04 | 6.00E-03 | 9.16E-03 | 2.84E-03 | 4.81E-03 | 4.36E-03 5.07E-04 8.31E-04 | 1.84E-05 | 1.36E-02 | 0.8887 | 0.6328 | 1.00 0.02
1.60E-02 | 9.25E-04 | 8.00E-03 | 9.55E-03 | 6.45E-03 | 4.52E-03 | 5.03E-03 9.02E-04 | 2.39E-03 | 2.30E-05 | 1.88E-02 | 0.8727 | 0.5926 | 1.00 0.02
2.00E-02 | 1.27E-03 | 1.00E-02 | 9.94E-03 | 1.01E-02 | 4.31E-03 | 5.63E-03 1.24E-03 4.06E-03 | 2.75E-05 | 2.38E-02 | 0.8598 | 0.5622 | 1.00 0.02
4.00E-02 | 2.81E-03 | 2.00E-02 | 1.17E-02 | 2.83E-02 | 3.71E-03 | 7.99E-03 2.76E-03 1.29E-02 | 4.97E-05 | 4.84E-02 | 0.8137 | 0.4680 | 1.00 0.03
8.00E-02 | 5.92E-03 | 4.00E-02 | 1.45E-02 | 6.55E-02 | 3.20E-03 | 1.13E-02 5.82E-03 3.09E-02 | 9.75E-05 | 9.77E-02 | 0.7540 | 0.3746 | 1.00 0.05
1.60E-01 | 1.30E-02 | 8.00E-02 | 1.88E-02 | 1.41E-01 | 2.75E-03 | 1.61E-02 1.28E-02 6.61E-02 | 2.18E-04 | 1.99E-01 | 0.6719 | 0.2838 | 1.00 0.06

Remark: * The concentration is in the unit of molar (mole/L)

€8T
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Table C.1 The induction time of single NaDS systems precipitating by CaCl, for
for the systems below the CMC of NaDS (7.9 mM) corresponding to its

supersaturation ratio at 30°C.

[NaDS], M [CaCl,], M So t; t; ts ting (QVQ)
0.0045 4.48 14.00 | 15.00 | 11.00 13.33
0.003 0.012 5.58 12.00 | 12.00 | 12.00 12.00
0.035 6.67 11.00 | 12.00 | 12.00 11.67
0.0045 5.39 13.00 | 13.00 | 14.00 13.33
0.004 0.012 6.74 13.00 | 12.00 | 12.00 12.33
0.035 8.07 10.00 | 11.00 | 12.00 11.00
0.00065 3.57 Large Large | Large Large
0.0018 4.85 34.00 | 32.00 | 30.00 32.00
0.005 0.004 6.03 14.00 | 16.00 | 13.00 14.33
0.0085 7.24 13.00 | 11.00 | 11.00 11.67
0.05 9.73 5.00 5.00 5.00 5.00
0.1 10.04 3.00 3.00 4.00 3.33
0.00065 3.99 56.00 | 60.00 | 64.00 60.00
0.0018 5.43 15.00 | 16.00 | 15.00 15.33
0.006 0.004 6.77 13.00 | 12.00 | 12.00 12.33
0.0085 8.14 11.00 | 11.00 | 11.00 11.00
0.05 10.96 10.00 | 12.00 | 12.00 11.33
0.1 11.32 3.00 4.00 4.00 3.67

Remark: Time (1, to, ts, and ti,g) in a unit of second.
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Table C.2 The induction time of single NaDS systems precipitating by CaCl, for
the systems above the CMC of NaDS (7.9 mM) corresponding to its

supersaturation ratio at 30°C.

[NaDS], M [CaCly], M So ty to t3 ting (AVQ)
0.001 4.52 42.00 | 50.00 | 44.00 45.33
0.002 5.89 21.00 | 18.00 | 20.00 19.67
0.008 0.003 6.73 13.00 | 16.00 | 12.00 13.67
0.006 8.21 12.00 | 14.00 | 13.00 13.00
0.01 9.31 11.00 | 13.00 | 10.00 11.33
0.001 2.03 110.00 | 110.00 | 110.00 | 110.00
0.002 4.16 32.00 | 26.00 | 30.00 29.33
0.01 0.003 5.29 17.00 | 16.00 | 16.00 16.33
0.006 7.00 13.00 | 13.00 | 13.00 13.00
0.01 8.16 12.00 | 12.00 | 14.00 12.67
0.003 1.67 160.00 | 170.00 | 165.00 | 165.00
0.02 0.006 3.31 17.00 | 20.00 | 17.00 18.00
0.01 4.93 16.00 | 13.00 | 16.00 15.00
0.003 1.19 Large | Large | Large Large
0.03 0.006 1.81 64.00 | 76.00 | 66.00 68.67
0.01 3.07 16.00 | 15.00 | 15.00 15.33
0.003 0.99 Large | Large | Large Large
0.04 0.006 1.38 400.00 | 360.00 | 400.00 | 386.67
0.01 2.00 28.00 | 29.00 | 26.00 27.67
0.003 0.87 Large Large Large Large
0.05 0.006 1.16 Large | Large | Large Large
0.01 1.55 100.00 | 86.00 | 98.00 94.67

Remark: Time (1, ty, ts, and ting) in a unit of second.
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Table C.3 The induction time of 75:25 NaDS/NaDeS molar ratio systems
precipitating by CacCl, for the systems below the CMCy, of
NaDS/NaDeS mixtures (8.4 mM) corresponding to

its supersaturation ratio at 30°C.

[NaS, M | [CaCl,], M (SOS) (DSE,?S) t t, ts | tns(avg)

0.0045 3.70 0.06 20 20 20 20.00

0.003 0.012 4.61 0.09 16 14 15 15.00
0.035 5.51 0.13 12 12 13 12.33

0.0045 4.45 0.08 17 16 18 17.00

0.004 0.012 5.56 0.12 16 16 15 15.67
0.035 6.66 0.17 14 16 15 15.00

0.00065 2.95 0.05 Large Large Large Large

0.0018 4.01 0.07 24 25 23 24.00

0,005 0.004 4.98 0.10 19 22 20 20.33
0.0085 5.97 0.13 17 15 19 17.00

0.05 8.03 0.23 15 17 16 16.00

0.10 8.28 0.26 15 14 14 14.33

0.00065 3.30 0.05 64 62 59 61.67

0.0018 4.49 0.08 22 24 25 23.67

0.006 0.004 5.59 0.11 22 21 21 21.33
0.0085 6.72 0.15 19 18 19 18.67

0.05 9.05 0.27 16 16 15 15.67

0.10 9.34 0.31 14 15 16 15.00

0.001 4.48 0.08 24 21 22 22.33

0.002 5.52 0.11 17 17 15 16.33

0.008 0.003 6.19 0.13 14 17 16 15.67
0.006 7.43 0.17 13 13 14 13.33

0.01 8.37 0.21 13 13 13 13.00

Remark: Time (1, ty, t3, and ting) in a unit of second.



188

Table C.4 The induction time of 75:25 NaDS/NaDeS molar ratio systems
precipitating by CacCl, for the systems above the CMCy of
NaDS/NaDeS mixtures (8.4 mM) corresponding to

its supersaturation ratio at 30°C.

[NaS], M | [CaCl,], M (Sg) (DSE,?S) t t, ts | tns(avg)
0.001 3.16 0.06 19 19 19 19.00
0.002 4.72 0.10 16 18 20 18.00
0.01 0.003 5.56 0.12 15 13 14 14.00
0.006 6.97 0.17 12 12 13 12.33
0.01 7.99 0.21 11 12 13 12.00
0.003 2.19 0.05 105 95 120 106.67
0.02 0.006 4.77 0.14 18 18 19 18.33
0.01 6.35 0.21 14 14 14 14.00
0.003 1.32 0.03 Large | Large | Large Large
0.03 0.006 245 0.08 125 125 120 123.33
0.01 4.42 0.18 29 24 28 27.00
0.003 0.70 0.03 Large | Large | Large Large
0.04 0.006 111 0.07 Large Large Large Large
0.01 1.58 0.11 60 58 58 58.67

Remark: Time (t, t5, ts, and ti,g) in a unit of second.
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Table C.5 The induction time of 50:50 NaDS/NaDeS molar ratio systems
precipitating by CacCl, for the systems below the CMCy of
NaDS/NaDeS mixtures (9.8 mM) corresponding to

its supersaturation ratio at 30°C.

[NaS], M | [CaCl,], M (Sg) (DS;OS) t t, ts | twa(avg)

00045 | 282 | 006 | 23 21 21 | 2167

0.003 0.012 352 | 007 | 22 21 21 | 2133
0.035 420 | 008 | 21 19 21 | 2033

00045 | 340 | 007 | 26 27 28 | 37.00

0.004 0.012 424 | 008 | 27 26 27 | 27.00
0.035 508 | 010 | 36 36 39 | 2667

000065 | 225 | 004 | 112 | 92 | 120 | 108.00

00018 | 306 | 006 | o7 29 29 | 3133

008 0.004 380 | 008 | 21 19 21 | 2867
00085 | 456 | 009 | 30 27 29 | 2833

0.05 613 | 012 | 32 31 31 | 2033

0.10 6.32 0.13 18 17 17 17.33

000065 | 251 | 005 | 56 56 57 | 56.33

00018 | 342 | 007 | o7 26 29 | 30.00

2006 0.004 427 | 009 | 18 20 17 | 2733
00085 | 513 | 010 | 20 21 23 | 2533

0.05 691 | 014 | 25 25 26 | 21.33

0.10 713 | 014 | 28 30 32 | 1833

0.001 342 | 007 | 4 33 34 | 3367

0.002 421 | 008 | 22 21 20 | 2233

0.008 0.003 472 | 009 | 19 19 19 | 21.00
0.006 567 | 011 | 19 19 19 | 19.00

0.01 639 | 013 | 24 22 21 | 19.00

Remark: Time (1, ty, t3, and ting) in a unit of second.
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Table C.6 The induction time of 50:50 NaDS/NaDeS molar ratio systems
precipitating by CacCl, for the systems above the CMCy of
NaDS/NaDeS mixtures (9.8 mM) corresponding to

its supersaturation ratio at 30°C.

[NaSl, M | [CaClL], M (SOS) (DS;S) t t, ts | tig (avg)
0.001 3.54 0.07 46 49 49 48.00
0.002 4.49 0.09 32 29 31 30.67
0.01 0.003 5.09 0.10 28 27 27 30.00
0.006 6.17 0.13 28 29 30 29.00
0.01 6.99 0.14 30 29 31 27.33
0.003 2.28 0.06 Large | Large | Large Large
0.02 0.006 4.32 0.12 60 70 85 71.67
0.01 5.47 0.15 40 35 44 39.67
0.003 1.24 0.04 | Large | Large | Large Large
0.03 0.006 2.52 0.08 Large | Large Large Large
0.01 4.21 0.14 240 380 240 286.67
0.003 1.00 0.04 | Large | Large | Large Large
0.04 0.006 1.64 0.06 Large | Large Large Large
0.01 2.27 0.08 1000 1000 1000 1000.00

Remark: Time (t, t5, ts, and t,g) in a unit of second.



Table C.7 The induction time of 25:75 NaDS/NaDeS molar ratio systems

precipitating by CacCl, for the systems below the CMCy of

NaDS/NaDeS mixtures (14.5 mM) corresponding to

its supersaturation ratio at 30°C.
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[NaS], M | [CaCl;], M (SOS) (DS;S) t t, ts | tod (avg)

0.0045 1.78 0.07 Large | Large | Large Large

0.003 0.012 2.22 0.09 54 51 55 53.33
0.035 2.65 0.11 43 44 49 45.33

0.0045 2.14 0.09 49 50 50 49.67

0.004 0.012 2.67 0.11 29 34 28 30.33
0.035 3.20 0.13 40 32 38 36.67

0.00065 1.42 0.06 Large | Large | Large Large

0.0018 1.93 0.08 Large | Large | Large Large

0.005 0.004 2.39 010 | Large | Large | Large Large
0.0085 2.87 0.12 Large | Large | Large Large

0.05 3.86 0.16 72 65 64 67.00

0.10 3.98 0.17 60 60 64 61.33

0.00065 1.58 0.07 Large | Large | Large Large

0.0018 2.16 009 | Large | Large | Large Large

0.006 0.004 2.69 0.11 Large | Large | Large Large
0.0085 3.23 0.13 60 68 60 62.67

0.05 4.35 0.18 44 42 42 42.67

0.10 4.49 0.19 40 32 40 37.33

0.001 2.15 009 | Large | Large | Large Large

0.002 2.65 011 Large | Large | Large Large

0.008 0.003 2.98 0.12 80 73 80 77.67
0.006 3.57 0.15 28 30 24 27.33

0.01 4.02 0.17 17 17 17 17.00

0.001 2.46 010 | Large | Large | Large Large

0.002 3.04 0.13 56 52 53 53.67

0.01 0.003 341 0.14 26 25 25 25.33
0.006 4.10 0.17 15 14 13 14.00

0.01 4.63 0.19 13 15 15 14.33

Remark: Time (1, ty, t3, and ting) in a unit of second.
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Table C.8 The induction time of 25:75 NaDS/NaDeS molar ratio systems
precipitating by CacCl, for the systems above the CMCy of
NaDS/NaDeS mixtures (14.5 mM) corresponding to

its supersaturation ratio at 30°C.

[NaS], M | [CaCl;], M (SOS) (DS;S) t t, ts | tod (avg)
0.003 2.46 0.12 Large | Large | Large Large
0.02 0.006 3.73 0.18 Large | Large | Large Large
0.01 4.52 0.22 Large | Large | Large Large
0.003 1.47 0.09 | Large | Large | Large Large
0.03 0.006 3.16 019 | Large | Large | Large | Large
0.01 4.19 0.25 Large | Large | Large Large
0.003 1.11 0.08 | Large | Large | Large Large
0.04 0.006 241 0.17 Large | Large | Large Large
0.01 3.77 0.27 | Large | Large | Large Large

Remark: Time (t, t5, ts, and ti,g) in a unit of second.
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Table C.9 The induction time of 75:25 NaDS/NaOBS molar ratio systems
precipitating by CacCl, for the systems below the CMCy of
NaDS/NaOBS mixtures (8.5 mM) corresponding to

its supersaturation ratio at 30°C.

[NaSL, M | [CaCl;], M (Sg) (oSéJS) t t, ts | tod (avg)
0.0045 370 | 114 | 48 | 48 | 42 | 46.00
0.003 0.012 a61 | 142 | 34 | 36 | 32 | 3400
0.035 551 | 170 | 35 | 32 | 32 | 33.00
0.0045 445 | 137 | 32 | 32 | 32 | 3200
0.004 0.012 556 | 172 | 31 | 29 | 33 | 3100
0.035 666 | 206 | 28 | 26 | 26 | 26.67
000065 | 295 | 091 | 65 | 69 | 72 | 6867
0.0018 401 | 124 | 20 | 32 | 30 | 3033
008 0.004 498 | 154 | 27 | 271 | 29 | 2767
0.0085 597 | 184 | 26 | 26 | 26 | 26.00
0.05 803 | 248 | 10 | 10 | 10 | 10.00
0.10 828 | 256 | 2 2 2 2.00
000065 | 330 | 102 | 140 | 138 | 128 | 13533
0.0018 449 | 138 | a1 | 38 | 37 | 3867
2006 0.004 550 | 173 | 36 | 35 | 36 | 3567
0.0085 672 | 207 | 29 | 28 | 27 | 2800
0.05 905 | 279 | 2 3 2 233
0.10 034 | 288 | 2 2 2 2.00
0.001 448 | 138 | 158 | 160 | 142 | 153.33
0.002 552 | 170 | 45 | 52 | 52 | 4967
0.008 0.003 619 | 191 | 33 | 33 | 34 | 3333
0.006 743 | 229 | 27 | 24 | 30 | 27.00
0.01 837 | 258 | 22 | 21 | 23 | 2200

Remark: Time (1, ty, t3, and ting) in a unit of second.
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Table C.10 The induction time of 75:25 NaDS/NaOBS molar ratio systems
precipitating by CacCl, for the systems above the CMCy of
NaDS/NaOBS mixtures (8.5 mM) corresponding to

its supersaturation ratio at 30°C.

[NaSL, M | [CaCl;], M (Sg) (oSéJS) t t, ts | tod (avg)
0.001 3.83 1.27 Large | Large | Large Large
0.002 5.22 1.73 96 98 94 96.00
0.01 0.003 6.04 2.00 44 44 45 44.33
0.006 7.46 247 32 35 33 33.33
0.01 8.50 2.81 31 30 28 29.67
0.003 2.46 1.02 Large | Large | Large Large
0.02 0.006 5.22 2.18 116 106 120 114.00
0.01 6.85 2.85 42 45 45 44.00
0.003 1.55 0.72 Large | Large | Large Large
0.03 0.006 291 1.36 Large | Large | Large Large
0.01 5.20 242 67 62 67 65.33
0.003 1.29 0.65 Large | Large | Large Large
0.04 0.006 2.05 1.03 Large | Large | Large Large
0.01 3.58 1.79 165 180 180 175.00

Remark: Time (t, t5, ts, and ti,g) in a unit of second.
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Table C.11 The induction time of 50:50 NaDS/NaOBS molar ratio systems
precipitating by CacCl, for the systems below the CMCy of
NaDS/NaOBS mixtures (10.0 mM) corresponding to

its supersaturation ratio at 30°C.

[NaS], M | [CaCl], M (SOS) (Oslé)S) t t, ts | tiod (avg)
0.0045 2.82 181 47 53 51 50.33
0.003 0.012 3.52 2.26 40 38 35 37.67
0.035 4.20 2.70 29 29 30 29.33
0.0045 3.40 2.18 31 29 27 29.00
0.004 0.012 4.24 2.72 30 28 25 27.67
0.035 5.08 3.26 23 25 25 24.33
0.00065 2.25 1.44 Large | Large | Large Large
0.0018 3.06 1.96 55 67 57 59.67
0.004 3.80 2.44 31 30 26 29.00
0.005
0.0085 4.56 2.93 24 22 26 24.00
0.05 6.13 3.93 28 26 26 26.67
0.10 6.32 4.06 2 2 2 2.00
0.00065 2.51 1.61 Large | Large | Large Large
0.0018 3.42 2.20 48 55 51 51.33
0.004 4.27 2.74 27 29 29 28.33
0.006
0.0085 5.13 3.29 21 21 22 21.33
0.05 6.91 4.43 19 15 15 16.33
0.10 7.13 4.58 1 1 1 1.00
0.001 3.42 2.20 Large | Large | Large Large
0.002 4.21 2.70 73 65 65 67.67
0.008 0.003 4.72 3.03 43 45 40 42.67
0.006 5.67 3.64 22 29 26 25.67
0.01 6.39 4.10 23 21 22 22.00

Remark: Time (1, ty, t3, and ting) in a unit of second.
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Table C.12 The induction time of 50:50 NaDS/NaOBS molar ratio systems
precipitating by CacCl, for the systems above the CMCy of
NaDS/NaOBS mixtures (10.0 mM) corresponding to

its supersaturation ratio at 30°C.

[NaS], M | [CaCl], M (Sg) (Oslé)S) t t, ts | tn (avg)
0.001 3.58 2.34 Large | Large | Large Large
0.002 453 2.96 118 122 122 120.67
0.01 0.003 5.13 3.36 48 51 45 48.00
0.006 6.22 4.07 26 24 26 25.33
0.01 7.04 4.61 20 21 21 20.67
0.003 2.11 1.71 Large | Large | Large Large
0.02 0.006 4.25 3.45 45 47 48 46.67
0.01 5.47 4.43 15 18 20 17.67
0.003 1.22 1.11 Large | Large | Large Large
0.03 0.006 2.38 2.16 240 240 250 243.33
0.01 4.14 3.75 28 26 26 26.67
0.003 1.00 0.97 Large | Large | Large Large
0.04 0.006 1.61 1.57 Large | Large | Large Large
0.01 2.86 2.79 62 64 58 61.33

Remark: Time (t, t5, ts, and ti,g) in a unit of second.
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Table C.13 The induction time of 25:75 NaDS/NaOBS molar ratio systems
precipitating by CacCl, for the systems below the CMCy of
NaDS/NaOBS mixtures (11.4 mM) corresponding to

its supersaturation ratio at 30°C.

[NaS], M | [CaCl,], M (Sg) (oSéJS) t t, ts |t (avg)

0.0045 178 | 237 | 11 | 10 | 10 | 1033

0.003 0.012 222 | 296 | 10 | 11 | 11 | 1067
0.035 265 | 354 | 9 10 8 9.00

0.0045 214 | 286 | 10 | 11 | 10 | 1133

0.004 0.012 267 | 357 | 13 | 11 | 10 | 1067
0.035 320 | 428 | 10 | 12 | 10 | 1033

0.00065 | 142 | 189 | 23 | 20 | 20 | 21.00

0.0018 193 | 257 | 11 | 11 | 12 | 1267

008 0.004 239 | 320 | o9 0 | 10 | 1133
0.0085 287 | 383 | 13 | 13 | 12 9.67

0.05 386 | 515 | 7 8 8 767

0.10 398 | 532 1 1 1 1.00

000065 | 158 | 212 | 22 | 23 | 23 | 2267

0.0018 216 | 288 | 14 | 13 | 15 | 1500

0.004 260 | 350 | 12 | 12 | 12 | 1400

0.006 0.0085 323 | 431 | 16 | 14 | 15 | 1200
0.05 435 | 581 | 7 3 9 8.00

0.10 449 | 6.00 1 1 1 1.00

0.001 215 | 288 | 19 | 17 | 19 | 1833

0.002 265 | 354 | 11 | 11 | 12 | 12.00

0.008 0.003 208 | 397 | 1 9 10 | 1133
0.006 357 | 477 | 10 | 10 8 10.00

0.01 402 | 537 | 11 | 13 | 12 9.33

0.001 246 | 829 | 25 | 22 | 24 | 2367

0.002 304 | 406 | 14 | 13 | 15 | 14.00

0.01 0.003 341 | 45 | 13 | 12 | 11 | 13.00
0.006 410 | 548 | 10 | 11 | 10 | 12.00

0.01 463 | 619 | 14 | 12 | 13 | 1033

Remark: Time (1, ty, t3, and ting) in a unit of second.
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Table C.14 The induction time of 25:75 NaDS/NaOBS molar ratio systems
precipitating by CacCl, for the systems above the CMCy of
NaDS/NaOBS mixtures (11.4 mM) corresponding to

its supersaturation ratio at 30°C.

[NaS], M | [CaCl,], M (SOS) (Oslé)S) t t, ts | tiod (avg)
0.003 1.56 2.55 19 17 20 18.67

0.02 0.006 2.89 4.73 10 9 11 10.00
0.01 3.64 5.96 1 1 1 1.00

0.003 0.79 1.46 160 145 150 151.67

0.03 0.006 1.60 2.95 13 16 15 14.67
0.01 2.70 4.97 9 8 9 8.67

0.003 0.62 1.25 Large | Large | Large Large

0.04 0.006 1.02 2.04 33 38 33 34.67
0.01 1.84 3.68 11 11 10 10.67

Remark: Time (t, t5, ts, and ti,g) in a unit of second.
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Precipitation of the calcium form of anionic surfactants is a significant problem when these
surfactants are used in hard waters. It is well known that the use of mixed surfactant solutions
can decrease the Krafft temperature and increase the hardness tolerance. Previous studies
have shown that the apparent increase in hardness tolerance is partly due to a larger induction
time in mixed-surfactant systems when compared to pure surfactant systems of the same total
surfactant content. The current work has measured induction times (via turbidity
measurement) for pure and mixed-surfactant systems involving sodium dodecylsulfate
(NaDS). sodium decylsulfate (NaDeS), and sodium octylbenzene sulfonate (NaOBS)
precipitated by calcium solutions. Activity based supersaturation ratios have been evaluated
using a combination of thermodynamic models, including the solubility product of the
calcinm surfactants, regular solution theory for the critical micelle concentration (CMC) and
composition of the micelle, and a new chemical equilibrium model for the extent of sodinum
and calcium counterion binding to the micelle. The results of the study show that the
dependence of the induction time on the supersaturation rafio is the same both below and
above the CMC. suggesting that the micelles do not have a role in the mechanism of
nucleation. It is also seen that the dependence of the induction fime on the supersaturation
ratio is the same for all surfactant compositions (ratios of the precipitating surfactant to the
co-surfactant) assuming that the same surfactant species is precipitating. Therefore. the
increase in the induction fime in mixed-surfactant systems is due to a decrease in the
supersaturation ratio of these systems. However the decrease in the supersaturation ratio
cannot be estimated only by considering the reduced concentration of the precipitating
surfactant in the mixed system. When the surfactant composition changes many other
features of the system also change. including the CMC. the micelle composition. and the
amount of counterions (including calcium) bound to the micelle. All these parameters have a
strong effect on the supersaturation ratio.

Keyword: Induction time, mixed surfactants, mixed micelles, counterion binding
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Surfactants precipitate with divalent cations in hard waters to form scum that inhibits the
cleaning action and perception of washing effectiveness. It has been previously determined
that using mixed surfactant systems inhibits precipitation of surfactant, but it is currently not
known whether this inhibition is due to a change in the thermodynamics of the system,
inhibition of nuclei formation, or inhibition of crystal growth. A previous study has modeled
the precipitation phase boundary for CaDS; from 10 to 50°C using a model involving the
equilibrium between precipitate, micelles, and individual species in solution. The induction
time for nucleation has been determined for CaDS;, and it can be seen that the induction
time is far smaller for solutions with a surfactant concentration above the critical micelle
composition (CMC) than for solutions below this point. This can be understood as the
micelles in solution, which contain both a high concentration of surfactant molecules in a
structured form and bound calcium ions in significant amounts, acting as a template for
nucleation of the precipitate. Precipitation rates for CaDS, demonstrate that the key kinetic
feature of the precipitation is the induction time for nucleation: nucleation rates at the point
of induction are sufficiently high that the crystal growth kinetics do not play a significant role
in the overall time required for complete precipitation. Finally, induction times for mixed
surfactant systems demonstrate that the mechanism of inhibition appears to be related to
the reduced influence of the mixed-micelle (as compared to the pure micelle in the single
surfactant system). The mixed micelle contains species of both surfactants, present in
solution at mole fractions determined via the reqular solution theory, and therefore the
mixed micelles appear to be less effective as nucleation inhibitors.

1. Introduction

Anionic surfactants are widely used in detergency applications, but may have
problems in hard water due to precipitation caused by multivalent cations. If a single anionic
surfactant is added to hard water the calcium salt of the surfactant will precipitate rapidly,
reaching equilibrium within a few minutes, a property which is certainly undesirable in
detergency applications. It has been found that mixtures of surfactants containing a similar
or even greater level of total surfactant can remain un-precipitated for substantial periods of
time. Although this property is widely used in industrial applications, quantified reasons for
the behavior are not found in the scientific literature, and the mechanism for the behavior is
not well understood. For this reason, detergent manufacturers find it necessary to add
binders to commercial detergents, which allow them to be used in hard waters: a better
understanding of the inhibition of precipitation in mixed surfactant systems could allow a
reduction in the amount of binder added or improved detergent formulations.

It could be hypothesized that the inhibition of precipitation of mixtures of anionic surfactants
(in comparison to a pure surfactant mixture at the same total surfactant content) may be
due to one or more of four mechanisms: (1) The state of the less soluble surfactant has
been changed to less than its saturation point due to a relative reduction in its concentration,
while the more soluble surfactant has not been added in sufficient amounts to reach its
saturation point; (2) The state of the less soluble surfactant has been changed to less than
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its saturation point due to a change in solution properties of the surfactant mixture (in
particular the value of the critical micelle concentration CMC), while the more soluble
surfactant has not been added in sufficient amounts to reach its saturation point; (3)
Nucleation of the less soluble surfactant has been inhibited by the presence of the second
surfactant, either due to adsorption of an impurity onto pre-nuclei clusters, or due to the
properties of the mixed micelle (if the system is above the CMC); (4) Inhibition of crystal
growth due to adsorption of the more soluble surfactant onto the crystal surface of the less
soluble surfactant, such that surfactant crystals nucleate but do not grow large enough to be
detected in the solution for extended periods of time. The current study is an attempt to
clarify the mechanisms of the inhibition of precipitation in mixed-anionic surfactant systems
and, if multiple mechanisms exist, to quantify the significance of each of the mechanisms.

To understand the kinetics in a precipitation system it is first necessary to be able to quantify
the precipitation phase boundaries. The phase boundaries in systems involving surfactants is
more complex than in typical precipitation systems due to the presence of micelles in the
solution when the surfactant concentration is above the CMC. Below the CMC, all ions will be
in the unbound state and the phase boundary can be accurately modeled used the activity
based solubility product (Ksp) and the extended Debye-Hiickel activity coefficient model.

Ko = [S_]_ 3’3 [C‘HJ_ lyCrr
Above the CMC, some fraction of the surfactant is in the form of micelles and is thus not
available for the precipitation. In addition, the micelle binds to its surface not only sodium
ions added with the surfactant, but also some of the calcium ions in solution, thus also
removing these ions from participation in the precipitation. In this case the model for the
solubility product must account for only the surfactant in monomer form in solution, and the
calcium ions which are not bound to the micelle. Thus

Ko = [S;orl ]2 a'"s! [C”jn_b 1‘/Ccr

The extended Debye-Huckel model used is
log y = ~A@NT
0gy=——"

1+ Bawf}

With A, B, and & being temperature, solvent, and species dependent constants, and the ionic
strength depending on the ion concentrations and valences by

I=05Y ¢z

—0.31

In order to calculate the concentration of monomeric surfactant it is necessary to know the
CMC, which may be calculated from the equation below if the unbound calcium ion
concentration is small enough as to not affect the CMC.

m|ps~|,, = -k, —k_|vaz,|

Ki may be determined from the CMC of pure SDS in water, since at the CMC the unbound
sodium ion concentration is equal to the concentration of the monomeric surfactant. The
CMC of SDS has been measured by da Silva ef a/ [DAS04]. The counterion binding
coefficients are defined as

B.... =2|ca*}|Ds,
By =Na; |/[ps;, |
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An earlier study [STE8S] gave these values as 0.2 and 0.45 respectively.

If there is more than one anionic surfactant in solution then the micelles will contain some
proportion of both surfactants, and it is necessary to model the mixed micelles to accurate
predict the concentration of the monomer surfactants in the solution. The regular solution
theory is able to accurately predict the composition of the micelles in mixed micelle systems
if the types of surfactant present do not differ to a great extent. In such a system,
precipitation will occur when the solubility product of the least soluble surfactant is exceeded.
In most systems the solubility of the two surfactants differs appreciably, and therefore there
is no mixed precipitate formed. Examples of the ability of the model to fit experimentally
determined precipitation boundaries are given in [RODO01].

Further discussion of, and extensions to this model are given in a series of articles from the
group of Scamehorn, for insatnce [ROD98].

2. Experimental Section

Analytical Reagent (AR) grade surfactants (sodium dodecylsulfate [SDS], sodium decylsulfate
[SDeS], and sodium octylbenzenesulfonic acid [SOBS]) were purchased and used without
further purification for induction time measurements. Structures (in the sodium form) of the
surfactants used are shown in Figure 1.

D\\S P N
o N (3

Figure 1: Chemical structures of the surfactants used: (a) sodium dodecylsulfate (SDS); (b)
sodium decylsuifate (SDeS); (c) sodium octylbenzenesulfonate (SOBS).

For measurements of K the surfactants were three times recrystallized into the calcium
form of the surfactant, which is the species precipitating in the system, before being used to
measure the equilibrium state from both above and below the equilibrium. Concentrations
were measured using atomic absorption spectroscopy (AAS) and induced coupled plasma
optical emission spectroscopy (ICP-OES).

Induction time experiments were performed by mixing stock solutions of the surfactants and
CaCly, and measuring the time at which nucleation could be detected by visual observation.
Nucleation was observed between minutes and hours after mixing of the stock solutions, and
the onset of nucleation could be easily observed visually. Modeling of the phase boundary
and prediction of the supersaturation ratio was performed using the models shown in the
Introduction section and the papers cited therein.
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3. Results and Discussion

The study is designed to investigate the effect of using both similar mixed surfactants (SDS
and SDeS, which have both similar head groups and tail groups, with a difference in chain
length of two carbons), and different types of mixed surfactant (SDS and SOBS, which differ
both in their head groups, sulfate vs sulfonate, and their tails, since SOBS is not a straight
chain) in order to increase the induction time for precipitation, or to increase the hardness
tolerance.

The solubility product for SDS has been measured from below 10°C to above 50°C, and this
can be used with thermodynamic data on the micellization of the surfactant and the
extended Debye-Hiickel activity coefficient model to predict phase boundaries for the
aqueous SDS-CaCl, system, as shown in Figure 2. This type of diagram is often called a
hardness tolerance, because it shows the degree of water hardness that a surfactant mixture
can tolerate before it would form a precipitate under equilibrium conditions. As a second
anionic surfactant (such as SDeS or SOBS) is added to the system in small amounts the
precipitation phase boundary for SDS moves up slightly (i.e. a particular SDS concentration
can tolerate higher concentrations of Ca®" without precipitating), but this change is initially
very small. As the amount of the second surfactant increases significantly (for instance
becoming larger than the amount of SDS) then the amount of Ca’* that SDS can tolerate
becomes very large (principally because the CMC of the solution decreases). However at
some point the higher content of the second surfactant means that it approaches or exceeds
its own precipitation phase boundary, and thus it will precipitate. Thus, the phase boundary
of both surfactants in the mixture must be known, and where one of the surfactants has a
supersaturation ratio greater than one, this surfactant will precipitate if the system is left
long enough to reach equilibrium. Whether the system precipitates within a finite period of
time, for instance within the period required for detergency and before the surfactant is
removed from the application depends on the induction time for the precipitation, and this
becomes a key point for the system.
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Figure 2: The precipitation phase boundary for SDS in agueous solutions of Call> at 30°C (s),
and predicted precipitation phase boundaries at 10, 30, and 50°C.
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Induction times for the precipitation of various binary mixtures of surfactants (SDS+SDeS,
SDS+S50BS, in addition to pure SDS) in solutions containing CaCl; were measured through
visual observation of the time required between mixing and nucleation. Results are shown in

Figure 3.
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Figure 3: Induction times for various mixed surfactant systems: SDS, SDS+SDeS, and
SDS+S0BS. Total surfactant content equal to (a) 4 mM; (B) 6 mM; (c) 8 mM; and (d) 10 mM.
Values of extremely high induction times or large calcium content have been excluded in

order to present the data more clearly.

The four plots relating the induction time to the calcium content each have a constant total
amount of surfactant, from 4 mM, which is below the CMC for the pure dodecylsulfate
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system, to 10 mM which is above the CMC for the pure dodecylsulfate system. The induction
times for constant surfactant content are strongly dependent on the hardness of the water,
as high calcium contents lead to higher values of the supersaturation ratio. The measured
induction times are over three orders of magnitude: at very low levels of the supersaturation
ratio the induction times are in the order of one hour, where at high levels of supersaturation
the induction times are of the order of one second.

The results show a clear effect of both whether the surfactant is pure or a mixture of
surfactants, and the surfactants present in the mixture for the mixed systems. The induction
times for the pure SDS systems is the lowest for essentially all hardness values and total
surfactant contents, as was expected based on previous experience. The similar surfactant
SDeS inhibited the nucleation of SDS to some extent, but the largest induction times were
found in the system of SDS+SOBS. Since the crystallization is very rapid in these systems, it
is likely that the tail groups in the precipitate are not fully crystalline. This may allow SDS
and SDeS to form essentially solid solutions in the crystal phase since the head groups are
identical and the tail groups are very similar. In this case it may be expected that SDeS may
have a weaker inhibition of the precipitation of SDS. It also can not be excluded that SDeS
causes a small change in the CMC of the SDS, leading to lower supersaturation for the same
total surfactant content. The inhibition exists both above and below the CMC of the pure
dodecylsulfate system, so it is clear that the effect is not solely due to the effect of the mixed
micelles on the nucleation of the precipitate.

It is also necessary to model the differences in the phase boundary as the second surfactant
is added into the system. This is a relatively complex behaviour because it is not only
necessary to model the effect of the additional ions on the ionic strength and the activity
coefficients, it is also necessary to model how the added surfactant changes the CMC of the
precipitating surfactant, how the counterion binding on the micelle changes, and what the
composition of the micelle is. Because of the similarity in the molecules, the mixed micelles
of SDS and SDeS will be almost ideal: the composition of the micelle will be very close to the
composition of the liquid phase it is in equilibrium with. This is not true for the SDS+SOBS,
which will have a larger nonideality in the micelle phase, and therefore removes surfactant
monomers from the liquid phase at a different composition than the bulk. It can be noted
that the behaviour of the SDS+SDeS system is quite different from the pure SDS and the
SDS+S0BS systems at 8 and 10 mM total surfactant, with the induction time decreasing
rapidly before becoming essentially constant at a low hardness value. This may be due to a
change in the CMC of the system due to the addition of the SDeS, but this has not yet been
verified.

4. Conclusions

The current work is an initial work to understand the mechanism by which the use of mixed
anionic surfactants inhibits the precipitation of the surfactant in hard waters. It is possible to
model the complex equilibria in the system, which has equilibria between the crystal,
solution, and micelle phases. Induction time measurements have indicated that the use of
mixed surfactants can increase the induction time substantially, and that the largest increase
appears to occur where the surfactants used in the mixture have substantially different
features. Further research will use both measurements and models of the precipitation phase
boundary in the mixed surfactant systems to predict the dependence of the induction time
on the supersaturation ratio for various surfactant compositions in order to further elucidate
the mechanism of the inhibition. A complete understanding of this behaviour will assist in
determining optimum surfactant formulations for detergency applications in hard waters.
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5. Nomenclature

Parameter in the extended Debye-Huckel activity coefficient model

Ion size parameter in the extended Debye-Huckel activity coefficient model
Parameter in the extended Debye-Huckel activity coefficient model

Total molar concentration of a species, [M]

Ionic strength in the liquid phase, [M]

K Parameter in the model of the CMC

N0 m

K, Parameter determining the effect of the unbound sodium content on the CMC
Ko Activity based solubility product of a crystalline species
X1 Concentration of species X in solution, [M]

z Valence of an ion, [-]

Greek

5 Coefficient for the binding of ions onto the micelle, [-]
y Activity coefficient of a species, [-]

Subscripts

(aq) Agqueous phase species

(s) Crystalline phase species

b Ion bound to the micelle

mic Surfactant molecule in the micellar phase

mon Monomeric surfactant molecule in the liquid phase

unb Ion that is not bound to a micelle
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In hard water, dodecyl sulfate (DS) tends to precipitate with the counterions, Ca’ and Mgz_
forming soap seum, and is thus no longer available to participate in the cleaning action. The
scum formed from the precipitation is also a problem in that it causes graying of the fabric.
Solubility data of the precipitated calcium dodecyl sulfate (CDS) crystals remains quite
limited. Consequently. this work has investigated the activity-based solubility product of CDS
in aqueous solufions as a function of temperature, with modeling between 10°C and 55°C.
Two techniques of measuring the solubility were used. Below the Krafft temperature,
approximately 50°C for CDS. the solutions were saturated at fixed temperatures and then
analyzed using Atomic-Absorption Spectroscopy. Above the Krafft temperature a
conductivity technique was used. Plotting the conductivity of a fixed concentration solution
against temperature allows the solubility to be found from a discontinuity in the derivative.
The activity-based solubility product. Kgp. was calculated from the experimental data based
on modeling of the micellar phase in solutions for the samples which were above the critical
micelle concentration. Both techniques for measuring the solubility of CDS yield consistent
values of the solubility product, which can be used to model the phase boundary of CDS
precipitation in solutions of sodium dodecyl sulfate (SDS) and calcium chloride as a function
of temperature.

1. Introduction

Sodium dodecyl sulfate is one of the most commonly used anionic surfactants, and is present
in a wide variety of household products and detergents. Anionic surfactants have a tendency
to precipitate in aqueous solurlon particularly if they are used in hard water (water containing
multivalent cations such as Ca’~ or Mg”™). forming soap scum. Precipitation of soap scum
reduces the amount of surfactant available for cleaning and causes discoloration of the
material being cleaned. Manufacturers of detergents generally add builders to their products in
order to reduce the water hardness by either chelating or adsorbing the multivalent cations.
However the thermodynamic and Kinetic parameters involved in the precipitation process of
the soap scum, and in particular the precipitation boundary as the surfactant is mixed with
hard water is still extremely important. Despite this. data on the precipitation boundaries for
surfactants is limited. particularly in relation to the effect of temperature. The objective of the
current work is to extend knowledge of the precipitation boundaries for CDS through accurate
measurement of the Ksp value for CDS over the range 10 to 55°C. and fo use the model of
Stellner and Scamehorn [1] to predict the precipitation boundary of CDS in solutions of SDS
and CaCl,.

2. Theory
The material presented here is a concise summary of theory already presented in papers

such as Stellner and Scamehorn[1] and Rodriguez et al. [2]. Surfactants in a liquid phase may
appear as monomeric surfactant or as aggregates known as micelles. Below the critical
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micelle concentration (CMC) only the monomeric form will be evident, and thus the
precipitate is in equilibrium with monomeric surfactant molecules and free calcium ions.
Above the CMC there is an equilibrium between the monomeric surfactant and micelles, with
the concentration of monomeric surfactant being equal to the CMC. Since the surfactant
molecules in an anionic surfactant micelle are negatively charged. cations will be bound to the
hydrophilic surface of the micelle in order to partially negate the negative charge at the
surface. Therefore in a solution above the CMC the precipitate is in equilibrium both with the
micelles and with the monomeric surfactant and the unbound calcium ions. The precipitation
reaction is represented by

Cag,, +2DS,, 11 Ca(DS), (1)
Only the unbound calcium ions and the monomeric surfactant molecules take part in the
precipitation reaction so that the activity based solubility produet is given by

Kep=[Ca" |, [DS" ], 7eos @

In order to calculate the concentration of monomeric surfactant it is necessary to know the
CMC. which may be calculated from equation (3) if the unbound calcium ion concentration is
small enough as to not affect the CMC.

m[DS‘] =K K, hl[Na_] (3)

mon unh
K; may be determined from the CMC of pure SDS in water, since at the CMC the unbound
sodium ion concentration is equal to the concentration of the monomeric surfactant. The CMC
of SDS has been measured by da Silva ef al. [3]. The data for the CMC of SDS in water and
the parameter K are shown in Figure 1.

9.5 . . . . . In the absence of other species (apart from
CMC SDS and CaCly) we may perform balances
— 90 on the surfactant. and sodium and calcium
o ions to obtain
851 laDS|=| DS . :
T [NaDs]=[Ds™] +[DsT] @
T w0l [NaDs] = [I\'a_]m +[Na_]b (5)
g 4 N 2F o 2
Z 15] [Cac'll]:[c'a ]mh * [C.a :|b (6)
(=]
2 The concentrations of the bound sodium
© 10p and calcium concentrations can be calcu-
lated from the micelle binding coefficients
6.5 : : : : ' 2 - -
10 20 30 40 5 60 70 B = 3[C3 L/[DS ]m (7)
Temperature, (°C) . i —
B =ML fIDS],  ®
Fig. 1: The CMC [3] and parameter K for An earlier study [1] gave these values as
SDS in water. 0.2 and 0.45 respectively.

The previous equations must be solved simultaneously since the monomer concentration
is determined via the CMC value. which depends on the concentration of unbound sodinm
ions. The concentration of unbound sodium ions depends on the amount of ions bound to the
micelles, which depends on the concentration of surfactant present in micelles, which in turn
depends on the CMC value.

The remaining equations required are to predict the activity coefficients of the ions present
in the crystal phase. These may be predicted by the extended Debye-Huckel model [4]
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—A(2)’NT
logy =———+
1+ Baﬁ
which is able to determine the activity coefficient of either ion. The constants 4 and B depend
on the temperature and the solvent while the parameter a depends on the diameter of the ion.
These values can be found in standard texts [4]. The ionic strength. I, is determined from
I=3 ¢z} =[NaDs]+3[CaCl,]

~0.31 ©

Further discussion of, and extensions to this model are given in a series of articles from
the group of Scamehorn [1]. [2]. [5]. [6].

3. Materials and Methods

Crystal Preparation. CDS was prepared from the precipitation of sodium dodecyl sulfate
with calcium chloride. The crystals were separated by a 0.45 um cellulose nitrate membrane
and rinsed with deionized water. After drying by silica gel under room temperature overnight,
CDS was then recrystallized in water. The pure CDS was separated by filtration and dried at
room temperature with silica gel. Dry CDS crystals were used to prepare a number of
solutions in deionized water.

Solubility Measurements. CDS behaves like a conventional anionic surfactant which
leads to two techniques of measuring the solubility, measuring concentrations (by AAS) for
saturated solutions at fixed temperatures. or measuring the conductivity of fixed concentration
solutions as the temperature is varied to search for the saturation temperature. Which method
is more convenient depends on whether the system is above or below the Krafft temperature,
the minimum temperature at which surfactants form micelles. The Krafft temperature of CDS
1s 50°C [7].

The AAS method was used below the Krafft temperature. A series of CDS solutions were
prepared at varying saturation temperatures ranging from from 10 to 50°C. Additional
solutions at 51, 53. and 55°C were prepared to verify the consistency of the two techniques.
AAS was used to measure the concentration of calcium ions in the solutions; the total amount
of surfactant can be estimated using the stoichiometric ratio of calcium ion to surfactant
monomer. Solubilities were reported at the saturation temperature. The concentration was
determined three times for each batch and three batches were performed per saturation
temperature. The replicates show that the experimental data are highly reproducible.

Conductometry was used to measure the solubility above the Krafft temperature by
determining the saturation temperature of known concentration solutions at 0.5. 3, 4, 6. §, and
10 mM. The equilibrium temperature was determined by measuring the conductivity of a
surfactant solution as a function of temperature. The concentration at the point that the slope
is discontinuous is the saturation temperature for the concentration measured.

4. Results and Discussion

The results of the solubility study using AAS to measure saturation concentrations at fixed
temperature are shown in Table 1. Further experiments were performed on solutions from 0.5
to 10 mM CDS to determine the saturation temperature using measurements of conductivity.
The Kgp values as a function of temperature were calculated using the results of the two
methods. and the results are shown in Figure 2. The agreement between the two techniques is
excellent except for one value predicted using the conductivity technique at 42°C. At this
point (which is well below the Krafft temperature) the change in the slope at the saturation
point is very small. and therefore the relative error is quite large. The main improvements to
the knowledge of the system gained from this study are that (a) it can be seen that two totally
independent measurements can give consistent results for the Kgp: (b) the Kgp value is now
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known over a wide range of temperature; (c) the Kgp value has been measured in pure CDS
solutions where the effects of other ions have been removed (which will lower the ionic
strength of the solution and therefore increase the accuracy of the activity coefficient model);
(d) the Kgp predicted here is a measured property rather than a property determined by fitting
to a boundary.

Table 1. Total calcium ion concentration at

saturation using the AAS technique. 6e-9 . . . . .
Temperature | Dilution for | Concentration ® AAS Measurements
. 2+ B Conductivity Measurements
(°C) AAS of Ca™ (mM) g fegr g ]
10.0 1:10 0.2529 4 )
4e-9 r 1

15.0 1:10 0.2554 g
20.0 1:10 0.3184 g 3e0 ]
25 1:10 0.3520 2

30 1:10 0.4411 g 29 ]
35 1:10 0.5233 3

1e-9 1

40 1:25 0.5760

45 1:25 0.7122 0 .

50 1:25 00217 0 10 20 30 40 50 50
- — : : Temperature, T (*C)

51 1:25 1.0794

53 1:25 1.1290 . o

- 19.4620 Fig. 2: Solubility product of CDS as a

55 1:2000 it function of temperature.

The data in Figure 2 gives the solubility product as a function of temperature, which can
be used with the model discussed in the theory section to model the precipitation phase
boundary for solutions containing SDS and CaCl,. This calculation has already been
performed at 30°C [1]. however in this previous study the Kgp value was determined by
regression over all of the data below the CMC in order to minimize the error between the
experimental precipitation boundary and the model. While this is a reasonable approach to
obtain an accurate empirical model of the system. it is useful to determine the most accurate
possible value of Kgp to determine the fundamental accuracy of the model. and this can be
achieved conveniently through determination of the solubility of pure CDS in water. as
described above.

Figure 3 shows the precipitation phase boundary for solutions of SDS and CaCl,, where
the abscissa displays the fofal SDS in the system and the ordinate plots the fofal caleium ion
concenfration required to reach the phase boundary. Although the model using the measured
value of Kgp does not fit the measured phase boundary (re-plotted from data in [1]) as well as
the model with the fitted Kgp. the fit is acceptable. especially where the SDS concentration is
very low and in the region above the CMC. The difference is a clear consequence of
comparing a partially fitted model to one that is not fitted. The model can be extended to
cover the range of 10 to 55°C (the range in which the Kgp has been measured) and the result is
shown in Figure 4.

As mentioned previously [1] below the CMC the system displays typical behavior for
precipitation of an electrolyte: as the concentration of one of the ions increases, the
concentration of the other ion required to reach the precipitation boundary decreases.
However, above the CMC the amount of CaCl;, required to reach the phase boundary
increases even as the total concenfration of SDS increases. This is due to the formation of
micelles, which has several effects on the ‘free’ ions in the system.
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Fig. 3: Precipitation boundary for CDS at Fig. 4: Precipitation boundary for CDS at
30°C, including the model of the boundary. 10. 30, and 50°C predicted from the Kgp
The dashed line is the model from [1]. and micellization model.

At the CMC the concenftration of monomeric DS in the system stops increasing with
increasing SDS since the additional surfactant forms micellar aggregates. As additional
sodium ions are added to the system the CMC decreases (see equation 3) which results in a
decreased concentration of DS™ monomers. As the concentration of micelles increases the
amount of cations bound to the micelles also increases. An increase in the micelle
concenfration results in the concentration of unbound sodinm ions not increasing as rapidly
with increasing SDS content as below the CMC. and more significanily the concentration of
unbound calcium ions (required in the precipitation) decreasing rapidly due to counterion
binding onto the micelles. Results of the model predictions of the concentrations of the
significant ions are shown in Figure 5 for total CaCly concentrations of 0.001 (a) and 0.0001
M (D).

0.0012 . . 0010 0.00012 . . 0.040
[CaCl], = 0.001 M [CaCl,], =0.0001 M
[Ca®],., .
0.0010 " Na s 0.00010
{ n.o0a 0.008
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Fig. 5: Concentrations of the key species in the precipitation of CDS as a function of the total
SDS concentration at 30°C. (a) 0.001 M CaCl,: (b) 0.0001 M CaCl,.

When the total CaCl; concentration is relatively high. for instance 1 mM (Figure 5a) then
the concentration of unbound calcium ions decreases relative slowly as the SDS concentration
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increases because a significant concentration of micelles is necessary to bind a significant
fraction of the large number of ions present. The unbound calcinm ion concentration stays
relatively high over a range of SDS concentrations above the CMC. and the monomeric
surfactant ion concentration also decreases relatively slowly., so the system is above the
precipitation boundary for a large range of SDS concentrations from well below the CMC to
far above the CMC for 1 mM CaCl,. which is evident in Figure 3.

When the CaCl; concentration is low, for instance 0.1 mM (Figure 5b) the concentration
of unbound calcium ions decreases very rapidly as the system moves above the CMC, and
thus the system will rapidly move out of the supersaturated region as the SDS concentration is
increased above the CMC. At the CMC the concentration of surfactant molecules is almost
two orders of magnitude larger than the concentration of calcium ions. and thus even for a
small increase in SDS above the CMC the concentration of the surfactant in the micelles will
be ten times the concentration of the calcium ions in solution. At this point the concentration
of free calcium ions will be zero since the binding coefficient for the calcium ions is 0.2,
representing one Ca®* ion bound for every ten DS™ molecules in the micelle, a charge negation
fraction of 0.2. Thus. very small increases in SDS concentration above the CMC result in
soaking up the unbound calcium ions required in the precipitation reaction, and the system
quickly moves out of the supersaturated region. as demonstrated in Figure 3.

5. Conclusions

The research has accurately measured the Kgp value of calcinm dodecyl sulfate over the
temperature range of 10 to 55°C using two techniques. measuring the amount of CDS
required to reach safuration at constant temperature with AAS and measuring the saturation
temperature of constant composition solutions of CDS using conductivity measurements. The
conductivity measurement is convenient and accurate for solutions whose solubility is in
excess of the Krafft temperature. but has lower accuracy below the Krafft temperature
because the point of discontinuity in the slope of the conductivity curve is more difficult to
accurately determine under these conditions. The solubility of CDS is very high at and above
the Krafft temperature, and under these conditions the solutions require very high dilution
ratios to enable measurement by AAS. This indicates that it is useful to use a combination of
techniques in measurement of the solubility of surfactant systems. and the current study has
shown that the two methods do give consistent results. The Ksp in this system exponentially
mcreases with increasing temperature, resulting in the Kgp at 55°C being orders of magnitude
than the value at 10°C.

The precipitation phase boundary for CDS in solutions of SDS and CaCl; can be predicted
by a model that contains equations for the phase equilibrium between monomeric surfactant
and unbound calcium ions. essentially the Kgsp as a function of temperature, the activity
coefficients of the key species as a function of temperature and ionic strength. and models that
predict the micellization parameters., such as monomeric surfactant concentration as a
function of temperature and ion concentrations, and also ion binding to the micelle. The
constant relating to the temperature effect on the concentration of monomer surfactant (K;) is
known over the temperature range of interest. however the constant reflecting the effect of the
unbound sodiwum ion concenfration has been measured at 30°C only. It is reasonable fo
assume that this parameter is not significantly altered by a 20°C change in temperature. in
which case the model is completely characterized over the temperature range of interest.

The fit of the model using a Kqp value determined from experiments of pure CDS in water
gives a slightly worse fit to an experimental precipitation boundary compared to an earlier
model where the Ksp value was predicted a-posferiori from the precipitation phase boundary
of CDS in solutions containing SDS and CaCly. This is to be expected since fundamentally
measured parameters can never improve a fit to a model in comparison to models using
parameters fitted to the data. The two models fit the data equally above the CMC in the
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system. where the model for the micelle formation and counterion binding is dominant in
determining the total amounts of SDS and CaCly present in the system required to form
precipitates. Below the CMC the only modeling required is that for the Kgsp value and the
activity coefficients. and it is here that the model fitting is not as good. It may be noted that
the Kgp value measured at 30°C is only 2.60x10"" in comparison to the value predicted from
the phase boundary which is 5.02x 107, The current model fits dilute SDS data quite well, but
becomes less accurate as the system approaches the CMC value, and becomes more
concentrated in SDS. There may be several reasons for this reduction in fitting ability as the
SDS concentration becomes higher, but perhaps the most likely reason is that the extended
Debye-Huckel model may be unable to accurately determine the effect of the ionic strength
on the activity of the surfactant monomer ion. This has been suggested previously [8] in sub-
micellar solutions of sodium alkyl sulfates where deviations from the Debye-Huckel theory
were noted. and possibly explained by variations in the hydrophobic hydration of the alkyl
chains as the surfactant content increased. It may be necessary to determine more accurate
models for activity coefficients for surfactants.

6. Nomenclature

A Parameter in the extended Debye-Huckel activity coefficient model

a Ion size parameter in the extended Debye-Huckel activity coefficient model
B Parameter in the extended Debye-Huckel activity coefficient model

c Total molar concentration of a species, [M]

I Tonic strength in the liquid phase, [M]

K Parameter in the model of the CMC

K, Parameter determining the effect of the unbound sodium content on the CMC
Kep  Activity based solubility product of a crystalline species

[X] Concentration of species X in solution. [M]

z Valence of an ion, [-]

Greek

i) Coefficient for the binding of ions onto the micelle, [-]
¥ Activity coefficient of a species, [-]

Subscripts

(aq) Aqueous phase species

(s) Crystalline phase species

b Ion bound to the micelle

mic  Surfactant molecule in the micellar phase
mon Monomeric surfactant molecule in the liquid phase
unb  Ton that is not bound to a micelle
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Measurement and Modeling of the Solubility of Calcium Dodecyl Sulfate in Aqueous Solution
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1. Introduction and Objective

In hard water, sodium dodecyl sulfate (SDS) tends to precipitate
with the counterions Ca’ and ng, and the SDS is thus no longer
available to participate in the cleaning action. The scum formed from
the precipitation is also a problem, however the solubility data of
precipitated crystals remains limited, and consequently this work aims
to investigate the solubility of precipitated crystals of calcium dodecyl
sulfate (CDS) in aqueous solutions as a function of temperature with
thermodynamic modeling between 10 and 55°C. The activity-based
solubility products (Ksp) determined here could be used with
previously determined data on micellization to model the phase
boundary of SDS precipitated with caleium chloride at any specific

temperature.

2. Materials and Experimental Procedure
2.1 Materials
The anionic surfactant used in this study was sodium dodecyl
sulfate, obtamned from Carlo Erba with a purity of 98%. Reagent-grade
dihydrate caletum chloride was obtained from Carlo Erba. Both were
used as received. Deionized water was used in the preparation of the

CDS erystals used in the solubility measurements.

2.2 Experimental Procedure
2.2.1 Crystal Preparation

Caleium  dodecyl sulfate (CDS) was prepared by
precipitation upon reacting sodium dodecyl sulfate with calcium
chloride. The crystals were separated by a 0.45 Lm cellulose nitrate
membrane and rinsed with deionized water. After drying by silica gel
at room temperature overnight, they were then recrystallized in water.
The pure CDS was separated by filter paper and dried by silica gel at
room temperature overnight. Dried CDS crystals were used to prepare

a number of solutions in deionized water.

2.2.2 Solubility Measurements
The critical micelle concentration (CMC) is the
concentration at which surfactant molecules start to form spherical
mucelles; in this case the CMC of CDS is approximately at 2.4 mM
(Hoffmann, 2002). However, CDS still behaves like a conventional

anionic surfactant. Due to micellization, both atomic-absorption speec-

* Corresponding author; E-mail: atthaphonm(@hotmail.com

troscopy (AAS) and conductometry were used to measure the
solubility. The Krafft temperature (micellization temperature), the
minimum temperature at which surfactants form micelles, of CDS was
at 50°C (Lee et al, 1979).

The AAS technique was not used for all temperatures
since at just above the Krafft temperature the solubility dramatically
increases with temperature, leading to laborious preparation of the
sample solutions of varying temperature. Conductometry is another
technique providing a powertul tool for investigating anionic surfactant
systems. This technique was used here at and above the Krafft
temperature.

Below the Krafft temperature

A series of CDS solutions were prepared at different
equilibrium  saturation temperature ranging from 10 to 50°C.
Additienal saturation solutions at 51, 53, and 55°C were prepared to
verify the consistency of the two measurement techniques. AAS was
used to measure the amount of calctum ions in the solutions; the total
amount of surfactant can be estimated using the stoichiometric ratio of
caleium ion to the surfactant monomer. The mass solubilities were
reported at the known saturation temperature. The mass solubility was
reported three times for each batch and there were three batches per
saturation temperature. Replicates showed that the experimental data
were highly reproducible.

Above the Krafft temperature

Conductometry was used to measure the solubility by
determining the equilibrium saturation temperature of known
coneentration solutions at 0.5, 3, 4, 6, 8, and 10 mM. The equilibrium
temperature was determined by measuring the conductivity of a
surfactant solution as a function of temperature. The concentration at

the discontinuity is the solubility at the saturation temperature.

2.2.3 The Calculation of the Solubility Product
Case I: Below the CMC
All disassociated surfactants are only in the monomeric
form and caleium ions freely dissolve in the solution, so the expression
will not change due to the micellar effect. The activity-based solubility

product can be expressed as

Kep=[Ca"1DST £, £ (1

- = = = ¢ LA s ar o __
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Where [DS] is the total surfactant concentration, [Ca™ ] is the total
caleium concentration in solution. The parameter £ and £ are the

activity coefficients of the surfactant and caleium, respectively.

Case II: Above the CMC

The solubility product relationship that deseribes

surfactant precipitation above the CMC is shown in Equation 2:
Ksp=[Ca 1, [DST oy fro-fos @

Where [DS]__ is the monomeric concentration of the precipitating
men
2 . . . .
surfactant and [Ca +:|ml is the concentration of calcium ions that are not
bound to micelles. The activity coefficients for insertion into Equations
1 and 2 are found using an extended Debye-Hiickel expression (Klotz,

et al, 2000):

logf=-A@ 1" /(1+Bal") - 031 3)

The constants A and B are dependent on the solvent and the
temperature of solution. The parameter z is the ion valence and the
parameter @ 1s an empirical value based on the diameter of the 1on. J
represents the ionie strength. Data to caleulate the binding of calcium

ions onto DS micelles has been reported (Stellner et al, 1988).

3, Results and Discussion

3.1 Below the Krafft temperature

2+ . . . .
Table 1 The total amount of Ca ™ ions in CDS solution at various

saturation temperatures determined from the AAS technique.

Temperature(’C) | Avg. Conc (mg/L) |Molar Conc (mM)
10 10.1367 0.2529
20 12.7600 0.3184
30 17.6767 0.4411
40 23.0833 0.5760
50 36.9417 0.9217

3.2 Above the Krafft temperature
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Figure 1 Evolution of conductivity as a function of temperature for

different concentrations of CDS in aqueous solution.

The experimental results are shown in Table 1 and Figure 1. Dis-
continuity points show the equilibrium saturation temperature for each

concentration and can be used to caleulate K_, using Equations 1 and 2.

3.3 Solubility Product Curve for CDS
60-9

@ AAS Measurements

®  Conductivity Measurements.
Se9 i

Solubility Product of CaDS$, Ky,

0 10 20 30 40 so 60

Temperature, T (°C)

Figure 2 Solubility product of CDS in aqueous solution as function of

temperature for different methods of measurements

The calculated solubility product is plotted against temperature in
Figure 2. The solubility of CDS dramatically increases above the
Krafft temperature. The plotted data indicate the consistency between
the techniques. An exponential growth function as a function of

temperature (T.OC ) was assumed to fit the data, with R’ = 1.0000 as:

Ksp = (1.9369x10 ") + (2.110110 ")exp(0.2289 T) )

The solubility products have been used to model the phase boundary of
SDS precipitated with CaCl, at 10 and 50°C. However, this work is

not shown here due to the space limitation of the extended abstract.

4. Conclusion

Both techniques for measuring the solubility of CDS yield
consistent values of Ksp. The solubility of CDS in aqueous solution
grows exponentially as a function of temperature. The calculated
activity-based solubility product can be used to model the precipitation

phase boundary of SDS and CaCl, as well.
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Binary anionic surfactant was used to investigate the synergism on the increase in the
induction time for nucleation of anionic surfactants precipitated by divalent ions
forming soap scum. The induction time was investigated via an online turbidity
device for two binary systems; NaDS/NaOBS and NaDS/NaDeS. with various
degrees of supersaturation, in order to monitor the increase in the induction time. The
Regular Solution and Pseudophase Separation theories were employed to quantify
surfactant concentrations in micellar and monomeric phases. The results show that the
NaDS/NaOBS system is ideal while the NaDS/NaDeS is not ideal due to the
difference in the molecular size. The degree of counterion binding to the micelle was
monitored by activity measurement using an ion-specific electrode. The chemical
equilibrium of unbound and bound counterions during the micellization can be used to
model the fraction of counterion binding to the micelle relatively well. The results
show that the inhibition of anionic swrfactant precipitation is due partly to the
thermodynamic change and is also partly due to a change in the energy required to
create the surface of the critical nuclei, as shown by mixed systems having a different

nucleation time dependence on supersaturation than the related pure system.
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Introduction and Objective

Binary anionic surfactant mixtures show an excellent ability to inecrease the induction
time of anionic surfactant precipitated by divalent ions. The binary system. however, is
relatively complex due to the mixed micellization and counterion binding to the micelle. Hence,
this work aims to investigate the thermodynamic parameters and swrface properties of binary
anionic surfactant mixtures by Regular Solution Theory (RST) together with an investigation of
the fraction of counterion binding to the micelle.

Methods

Sodium dodecyl sulfate (NaDS) was mixed with sodium octylbenzene sulfonate (NaOBS)
and with sodium decyl sulfate (NaDeS). The surface tension of various molar ratios of the two
binary anionic surfactant solutions was measured by a tensiometer at 30°C in order to determine
the Critical Micelle Concentration of the surfactant nuxture (CMCy). RST was employed to
quantify the surfactant concentration in monomeric and micellar phases. The thermodynamic
parameters and surface properties were determined from RST and Gibbs adsorption isotherm,
respectively. The counterion binding to the micelle was investigated by activity measurement
using an ion-specific electrode (ISE). Na-ISE and Ca-ISE were used to monitor the response
during micellization at 30°C. The electrode potential can be converted to activity by Nernst
equation. and unbound and bound counterion concentrations were obtained. The chemical
equilibrium of unbound and bound counterion during the micellization was used to model the
fraction of counterion binding to the micelle.

Results

The experimental results show the NaDS/NaOBS system is ideal while the NaDS/NaDeS
system 15 not ideal due to the difference in the size of the molecules. RST can be applied to
binary anionic surfactant systems relatively well. The counterion binding to the micelle is not
constant at the commencement of micellization due to the competitiveness of the monovalent
and divalent cation binding to the micelle but, the overall fraction of counterion binding can be
assumed to be constant. The chemical equilibrium of unbound and bound counterion can be
used to model the fraction of counterion binding to the micelle very well.

Conclusion

RST can model the CMGCy relatively well and thermodynamic parameters for the
system studied are obtained. The fraction of counterion binding to the micelle can be modeled
by chemical equilibrium. All modeling works are in good agreement with experimental data.

Keywords: mixed anionic surfactants, regular solution theory. counterion binding

Selected References

1. Sasaki, T. Hattori, M., Sasaki, J., Nukina. K. Bull Chem Soc Jpn 1975: 48(5): 1397-1403.
2 Holland. P_. Rubingh, D_J. Phys Chem 1983: 8(11): 1984-1990.

3 Vora, S.. Geoge, A Desa1, H., Bahadur, P. J Swrf Det 1999; 2(2): 213-221.




222
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Precipitation of Anionic swrfactants by counterions contained in hard water has been a
problem in detergent industry. This is because of scum forming that readily inhibits
cleaning action yielding the unacceptable cleaning result. It has been previously known
that the use of mixed swfactant systems can prolong the induction time of surfactant
precipitation compared to the single anionic surfactant systems in hard water, however. it
is currently not known whether this inhibition is due to a change in the thermodynamics
of the system. inhibition of nuclei formation, or inhibition of crystal growth. In this study.,
the induction time for calcium dodecyl sulfate has been investigated with several
supersaturation ratios via the visual observation both in single and mixed surfactant
systems: sodinm dodecyl sulfate is used to mix with sodinm decyl sulfate precipitated
with calcium chloride. The results can show that the single surfactant systems that the
induction time is far smaller for solutions with a swrfactant concentration above the
critical micelle concentration than for solutions below this point. Besides. the results
imply that micelles probably act as a template for nucleation. The mechanism of
inhibition appears to be related to the decreased influence of the mixed micelle as
compared to the micelle in the single surfactant system. The mixed micelle contains
species of both surfactants, present in solution at mole fractions determined by the use of
the regular solution theory. and therefore the mixed micelles appear to be less effective as
nucleation inhibitors and the prolongation in induction time has been visually observed.
Precipitation rates for calcium dodecyl sulfate reveal that the key kinetic feature of the
precipitation is the induction time for nucleation while the nucleation rates at the point of
induction are sufficiently high that means the crystal growth kinetics do not play a

significant role in the overall time required for complete precipitation.
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Introduction and Objective

In hard water, sodium dodecyl sulfate (SDS) tends to precipitate with the counterions,
Ca” and Mg~ and the SDS is thus no longer available to participate in the cleaning action. The
scum formed from the precipitation is also a problem in the cleaning. The solubility data of
those precipitated crystals remains quite limited. Consequently. this work aims to investigate the
solubility product of those precipitated crystals m aqueous solutions as a function of
temperature with modeling between 10°C to 55°C.

Methods

Calcium dodecyl sulfate (CDS) was obtained from the precipitation of sodium dodecyl
sulfate with calcium. The dry crystals were used to prepare a number of solutions of varying
concentration in deionized water. The CDS behaves like a conventional anionic surfactant
which leads to two techniques of measuring the solubility. The solutions were prepared at an
‘equilibrium’ saturation temperature from 10-50°C below the Krafft temperature. approximately
50°C for CDS (1) and the solutions were analyzed using the Atomic-Absorption Spectroscopy
as the first technique: the mass solubility were reported at the known saturation temperature.
Conductometry is another technique providing a powerful tool for investigating the systems (2).
This technique was used due to the fact that at just above the Krafft temperature the solubility
dramatically nereases with temperature, leading to laborious preparation of the samples. The
saturation temperature of a known concentration can be determined as a break in a curve of the
conductivity plotted against temperature. The activity-based solubility product. Kgp, was
calculated from the experimental data based on modeling of the present of micellar phase in
solutions for the samples which is above the eritical micelle concentration or CMC (3).

Results

The solubility product of CDS from the two techniques can be determined including
with modeling. The solubility below the Krafft temperature slightly increases with temperature
while above the Krafft temperature the solubility strongly inereases with temperature. It is clear
that both two techniques will yield the same value of Ksp. The exponential growth was assumed
to fit the data resulting as Kgp = 1.7149x10™e" T with Rsqr = 0.9701.

Conclusion

Both two techniques for measuring the solubility of CDS yield the consistent values of
solubility produet. The solubility behavior of CDS in aqueous solution can be predicted by the
exponential growth as a function temperature.
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