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ARTICLE INFO ABSTRACT
Keywords: Hypothesis: Methyl ester sulfonates (MES) show limited water solubility at lower temperatures (Krafft point). One
Methyl esters sulfonates (MES) way to increase their solubility below their Krafft points is to incorporate them in anionic surfactant micelles. The

Sodium alpha olefin sulfonate (AOS)

Sodium lauryl ether sulfate with two ethylene
oxide groups (SLES-2EO)

Ionic surfactant mixtures — phase diagrams
Micelle—crystallite coexistence

electrostatic interactions between the ionic surfactant molecules and charged micelles play an important role for
the degree of MES solubility.

Experiments: The solubility and electrolytic conductivity for binary and ternary surfactant mixtures of MES with
anionic sodium alpha olefin sulfonate (AOS) and sodium lauryl ether sulfate with two ethylene oxide groups
(SLES-2EO) at 5 °C during long-term storage were measured. Phase diagrams were established; a general phase
separation theoretical model for their explanation was developed and checked experimentally.

Findings: The binary and ternary phase diagrams for studied surfactant mixtures include phase domains: mixed
micelles; micelles + crystallites; crystallites, and molecular solution. The proposed general phase separation
model for ionic surfactant mixtures is convenient for construction of such complex phase diagrams and provides
information on the concentrations of all components of the complex solution and on the micellar electrostatic
potential. The obtained maximal MES mole fraction of transparent micellar solutions could be of interest to
increase the range of applicability of MES—surfactants.
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V.I. Yavrukova et al.
1. Introduction

The global methyl ester sulfonate (MES or a-MES) market reached a
volume of 0.91 million metric tons in 2022 and it is expected to grow to
1.5 million metric tons by 2026 [1-3]. The methyl ester sulfonates are
oleo-chemical based anionic surfactants derived from renewable palm,
coconut, or waste cooking oil through transesterification and subse-
quent sulfonation [4-9]. The interest of this surfactant class continu-
ously grows because of the wide application in laundry, dishwashing,
personal care, and pharmacy [2,4,5,8,10-22]. MES have excellent water
hardness stability [13-15,18,19], biodegradability and biocompatibility
[23] and are alternatives to the linear alkylbenzene sulfonates.

The physical properties of commercial palm-based MES surfactants
are summarized in Ref. [24]. The rheological behavior of the mixed MES
surfactant solutions [17], the oil drop deposition on solid surfaces [18],
and their cleaning ability [19] have shown new possible wide practical
applications. Cn-MES molecules exhibit typical behavior for ionic sur-
factants [25-30]: the critical micelle concentration (CMC) decreases
with the increase of number of carbon atoms in the alkyl chain, n, and
with the salt concentration; the micelles are spherical with aggregation
numbers from 57 (for C12-MES) to 90 (for C16-MES) for MES concen-
trations below 200 mM without added salt; Cn-MES forms wormlike
micelles with the rise of added salt concentration. The water hardness
stability of MES solutions is explained with the comparable binding
energy of Ca%" and Na™ ions to the MES headgroup [4,28,31].

The methyl ester sulfonates are stable in the pH range from 4.5 to 9
[4,21] - for pH > 9, the hydrolysis phenomenon began to occur and the
concentration of a-sulfo fatty acid di-Na salt gradually increases with
storage time. For 16 and 18 carbon atoms in the MES alkyl chain, the
respective Krafft temperature, Tk, increases from 28 °C for C16-MES to
41 °C for C18-MES [4,32]. In the literature [29,33], it is suggested to use
the eutectic mixture of C16- and C18-MES (3/1 weight to weight frac-
tion) in order to decrease the Krafft temperature to 15 °C. All C16-MES
and C18-MES mixed solutions are turbid at large enough concentrations
because of the formation of MES-crystals for temperatures lower than
15 °C. The ability of long chain length MES to form mixed micelles with
nonionic surfactants, which do not precipitate at low temperatures, is
shown that considerably increases the MES solubility [33]. The complex
phase diagrams for MES + nonionic surfactant mixtures in terms of MES
mole fraction, za, and total surfactant concentration, Cr, include phase
domains: mixed micelles; micelles + crystallites; molecular solutions +
crystallites; molecular solution.

The phase diagrams of fatty acids and alcohols in anionic and zwit-
terionic micellar surfactant solutions [35,36] were studied using the
extended theoretical approach to model the micelle-monomer equilibria
in complex surfactant solutions [34]. From this model, it follows that the
number of phase domains and quadruple points rises when the surfac-
tant solutions contain more than one partially soluble component, e.g.
mixtures of C16-MES and C18-MES [33]. In the case of MES + anionic
surfactant mixtures, the mixed micelles are charged and one expects
lower MES solubility because of the higher free monomer MES con-
centration — the electrostatic repulsion between charged micelles and
charged monomer MES molecules takes place. Second, the rise of the
bulk concentration of counterions, e.g. Na® ions, with Cr favors the
formation of MES-crystals and should decrease the MES solubility.

Our goal in the present study is to generalize the phase separation
model [34], applied in nonionic approximation for MES + nonionic
surfactant mixtures [33], for MES + anionic surfactant mixtures ac-
counting for the electrostatic interactions and counterion binding effect
(Section 3). The theoretical model is checked by the measurements of
the saturation mole fractions and electrolytic conductivity of MES in
sodium lauryl ether sulfate with two ethylene oxide groups (SLES-2EO)
and in sodium alpha olefin sulfonate (AOS) mixed surfactant solutions
(Section 4). The completed set of experimental data allows calculating
all of the needed physicochemical constants of MES and anionic sur-
factants in the bulk and micelles. The calculated 2D (one MES
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component) and 3D (two MES components) phase diagrams are sum-
marized in Sections 5 and 6, respectively. Significant differences be-
tween nonionic approximation and the detailed theory are illustrated. It
is shown that anionic surfactants SLES-2EO and AOS can be used to
increase the solubility of MES at low temperature of 5 °C.

2. Materials and methods

All aqueous solutions were prepared with deionized water (Elix 3
purification system, Millipore, USA). The concentrated surfactant solu-
tions were mixed and stirred at 40 °C for 1 h for the better solubility of
all components, cooled down and placed in a thermostat at 25 °C or 5 °C
at least for 24 h for equilibration.

Palmitic (C16-MES, M,, = 372 g/mol) and mixtures of palmitic and
stearic (C18-MES, M,, = 400 g/mol) with C16-MES/C18-MES weight to
weight fractions 80/20 and 60/40, produced by KLK OLEO, were used
(Fig. 1). In all experiments, the pH of MES solutions is about 5.5
(adjusted if needed) in order to avoid the disalt formation. The active
substances of C16-MES/C18-MES mixtures are > 92 %. The purity of
C16-MES is 99.1 %, 100 mM C16-MES sample contains 24 + 0.5 mM
NacCl, and the CMC at 25 °C measured by the electrolytic conductivity is
1.02 + 0.03 mM [26]. To check the values of the CMC and the amount of
NaCl in mixed MES samples, the electrolytic conductivity vs the total
surfactant concentration was measured by Hanna EC215 conductivity
meter. The obtained results are: 100 mM C16-MES/C18-MES (80/20)
sample contains 29 + 0.7 mM NaCl; 100 mM C16-MES/C18-MES (60/
40) sample contains 24 + 0.6 mM NaCl; the CMCs are about 0.5 + 0.02
mM (see Figs. S1 and S2).

The ability of two anionic surfactants to increase the MES solubility
at low temperature of 5 °C was studied (Fig. 1). AOS (NANSA® LSS 495/
H product of Innospec Performance Chemicals) is an anionic surfactant
with number of carbon atoms 14-16, average molecular weight 320 g/
mol, natural pH = 4.7, > 95 % active (Figs. 1 and S3). The kink point at
3.6 = 0.06 mM in the electrolytic conductivity, s, vs surfactant con-
centration of AOS (Fig. 2a) coincides with the CMC of pure AOS [37].
The calculated slope of the conductivity vs Cr is equal to 86.8 + 0.8 S
cm?mol !, which corresponds to 12 + 0.2 mM NaCl per 100 mM AOS

SO, Na*
OCH,

C16-MES
SO; Na*

H
C14 AOS

2804 Na

SLES-2EO

Fig. 1. Structural formulae of C16-MES, C14 AOS, and SLES-2EO.
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(for details see Supplementary material). The experimental surface
tension isotherm of aqueous AOS solutions is measured at 5 °C by force
tensiometer K100 (Kriiss, Germany) using the Du Noiiy ring. The CMC
obtained from the static measurements of the surface tension, o, is 1.26
+ 0.05 mM (Fig. 2b), so that the AOS sample contains traces of nonionic
surface-active admixture. The saturation adsorption at the CMC, 'y, is
2.83 + 0.03 pmol/m?, which is close to the experimental data reported
in Ref. [37].

The second used anionic surfactant is SLES-2EO (ECOSOL® N 702 U
product of PT Indo Sukses Sentra Usaha) with molecular weight 378 g/
mol and active substance > 70 %. The natural pH of aqueous SLES-2EO
solutions is 5 for surfactant concentrations above the CMC (Fig. S3). The
measured electrolytic conductivity of the respective solutions is shown
in Fig. 2a. One sees that the slope of the conductivity vs concentration
below the CMC is equal to 70.4 + 0.7 S cm?mol L. Thus, the used sample
is salt free from the viewpoint of the electrolytic conductivity mea-
surements. The kink point in the conductivity data in Fig. 2a is at SLES-
2EO concentration equals to 2.83 + 0.04 mM. The obtained CMC co-
incides with the CMC of pure SLES-2EO aqueous solution [38]. The
static surface tension measurements at 5 °C (see Fig. 2b) show that the
CMC of SLES-2EO is lower (0.607 + 0.007 mM) most probably because
of the traces of unsulfated materials containing in the SLES-2EO sample.
The saturation adsorption of 2.35 =+ 0.04 pmol/m? is close to the
experimental data reported in Ref. [38]. We estimated that even 1 % of
nonionic surface-active admixtures are enough to decrease the CMC of
pure compounds to the measured values for SLES-2EO and AOS. All
studied concentrations are well above the CMC. Thus, the mixed mi-
celles contain less than 1 % nonionic components and the obtained
solubility data are correct.

The solubility of Cn-MES depends on the bulk concentration of Na™*
ions coming from the dissociation of any added anionic surfactants and
amount of NaCl in samples (Fig. S4a). To obtain the solubility concen-
trations at 5 °C, we measured the absorbance of light by a spectrometer
(Jasco V-730) at wavelength 4 = 500 nm. The flask with the probe was
shaken before each absorbance measurement to disperse the available
precipitates (if any). The increase of the turbidity with the rise of MES
concentration is due to light scattering by MES crystallites at large
enough concentrations. Because of the chemical equilibrium between
MES in the monomeric form and free Na™ ions and those incorporated in
the precipitates, the sum of their electrochemical potentials is a constant
which defines the solubility product of Cn-MES [39,40]. The square
roots of the solubility products are equal to the solubility-limit con-
stants: 3.01 £ 0.03 mM for C14-MES; 0.749 + 0.004 mM for C16-MES;
0.202 + 0.002 mM for C18-MES (for details see Supplementary mate-
rial, Fig. S4b, and Table S1).

800 & ! . 2
T=25°C e
= AOS «”
S 600 1 -
1 ' il
(g- V a” ~¥
= ‘,/ v
" A v
¥— AOS slope for ‘ ’K/ - o
> + e - i
£ 400 7 ¢ <cmc=s6s S
= 4 v
- (‘ ¥
3] 2T
S L~ SLES-2EQ
=] 77 "‘('/
S 200 ¢ P A SLES-2EO slope for T
S o C,<CMC =704
&7 .
o [
0 / " 1 | — —— —— " "
0 2 4 6 8 10 12
urfactant concentration, m
(a) Surfactant tration, Cy (mM

Journal of Colloid And Interface Science 660 (2024) 896-906

All micellar anionic surfactant solutions are initially transparent at
5 °C and one day storage is enough to ensure the constant turbidity of
individual MES solutions [33]. In contrast, the turbidity of mixed
micellar solutions changes rather slowly over the storage time (Figs. S5).
In these cases, all solutions were kept in a constant climate chamber
(Binder KBF-S240) at 5 °C for the long-term storage (at least 3 months)
to determine the boundary concentrations between the last clear and the
first turbid solutions. To check if the obtained results correspond to the
equilibrium reversible thermodynamic processes, all solutions (trans-
parent and turbid at 5 °C) were heated up to 40 °C and cooled down to
25 °C - as a result all solutions become transparent. The subsequent
storage of these solutions at 5 °C reproduced the turbidity data.

3. Theoretical model

In our previous study [33], the 2D and 3D phase diagrams were
calculated for MES + nonionic surfactant mixtures. We approximately
treated the mixed micelles as nonionic with effective micellization
constants. This simpler approach will be further termed the nonionic
approximation. Here, we generalize the phase separation model on the
basis of the detailed theory of mixed micellar solutions of ionic surfac-
tants [34] accounting for the possibility of one or more components to
form precipitates [36,40]. Hereafter, it will be termed the detailed theory.
The proposed model is based on a full system of equations that are
expressing: (i) mass balances with respect to each component; (ii)
chemical equilibria between micelles and monomers; (iii) chemical
equilibria between monomers and precipitates (if any); (iv) the me-
chanical balance equation by Mitchell and Ninham [41], which states
that the electrostatic repulsion between the headgroups of the ionic
surfactant is counterbalanced by the attractive forces between the sur-
factant molecules in the micelles.

One considers a three-component ionic surfactant solution: C16-MES —
component 1; C18-MES - component 2; ionic surfactant (SLES-2EO or
AOS) - component 3. The counterion of all surfactants is Na* (component
M) and the salt in the samples is NaCl. The input surfactant concentrations
are G; (j = 1, 2, 3) and the total input surfactant concentration is Ct = C;
+ Cy + Cs. The phase diagrams are convenient to be presented in terms of
Cr and mole fraction of MES molecules za = (C; + C3)/Cr. The relative
amount of salt in the samples with respect to the surfactant concentrations
arerj (j = 1, 2, 3): 0.24 for C16-MES and C16-MES/C18-MES (60/40);
0.29 for C16-MES/C18-MES (80/20); 0.12 for AOS; 0 for SLES-2EO (see
Section 2). Thus, the input total salt concentration is Csat = r1C1 + r2Cs +
r3Cs3 and the input total counterion concentration is Cy; = Cr + Cgat-

Generally, the solutions contain: free surfactant and counterion
molecules in monomeric form with concentrations ¢; (j = 1, 2, 3) and ¢y,
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respectively; mixed micelles with total number of surfactant molecules
Cmic; precipitates (if any) with total number of molecules incorporated in
them m; > 0 for C16-MES, m, > 0 for C18-MES, and m3 = 0 because AOS
and SLES-2EO do not form precipitates at 5 °C. Only MES molecules can
precipitate, they do not form mixed crystallites [33], and the total
amount of MES molecules in the precipitates is m = m; + my. The mole
fractions of the surfactant molecules incorporated in the mixed micelles
arey;j (j =1, 2, 3) and y1 + Y2 + y3 = 1. The counterion binding effect to
the charged micelles is accounted for in the considered detailed model.
The mole fractions of the surfactant molecules with bound counterions
incorporated in the micelles are zy; (j = 1, 2, 3) and the total mole
fraction of the bound counterions to mixed micelles is 2y = 2y + 2m2 +
zms. Finally, the mole fractions of the surfactant molecules in the mi-
celles without bound counterions are z; (j = 1, 2, 3) and so that z; + zy; =
¥j (=1, 2, 3). Thus, the mass balances for the surfactant and counterion
molecules are described respectively by the following equations:

¢+ YiCmic +m; =C; (j=1,2,3) (€8]

M+ 2MCmic +m = Cy @
The chemical potentials of the surfactant molecules in a monomeric
form and those incorporated in the micelles are equal. Hence, the
chemical equilibria lead to the following relationships:

In(y.¢;) = InK; + @, +In(fiz;) (j=1,2,3) 3)
here: e is the electronic charge; kg is the Boltzmann constant; T is the
absolute temperature; y; is the surface electrostatic potential of micelles;
@ = |eys/(kgT)| > 0 is the dimensionless electrostatic potential; y, is the
activity coefficient in the bulk phase; f; and K are the activity coefficient
and the micellar constant of the j-th surfactant in the micellar phase,
respectively.

The localized (Langmuirian type) adsorption of Na™ counterions on
the j-th ionic-surfactant headgroup is described by the Stern adsorption
isotherm with Stern constant K (j = 1, 2, 3), respectively [34,42,43].
Hence, this counterion binding mechanism leads to the following result:

In(Ksj7’ome;) = InK; +In(fzw) (= 1,2,3) ()
The adsorption binding energy of Na* counterion to sulfate headgroup is
lower than that to sulfonate headgroup and the respective values of the
Stern constants are: Kg;; = Kgi2 = 2.86 x 1073 (rnM)’1 [26]; Kst,3 =
2.86 x 1073 (mM) ! for AOS [26]; Kst,3 = 6.53 x 10~ (mM) ! for SLES-
2EO [42,43].

The activity coefficient in the bulk phase is calculated from the bulk
ionic strength, I = (¢ + ¢2 + ¢3 + cm + Csalr)/2, in which the micelles do
not contribute. The following semi-empirical expression:

0.51151'/2

l0go7 = 0.0551 =376

)

which originates from the Debye-Hiickel theory, is widely used in the
literature [26,43,44] for 1:1 electrolytes. The ionic strength in Eq. (5) is
measured in M.

The classical regular solution theory [45] relates the activity co-
efficients in the micellar phase with the interaction energies between
molecules and mole fractions in the micelles for two component systems.
We extended the Rubingh approach for a three-component system (see
Section S2) and derived the following expressions for the activity co-
efficients, fj, in the micellar phase:

Inf; = ﬁj[ylg ‘hﬁ,‘k)’i + (ﬁji +ﬂ_/'k - /}[k)yiyk (=12,3) (6)
Here: fix = P is the dimensionless interaction parameters between the i-
th and k-th molecules in the micellar phase; (i, j, k) is a given permu-
tation of (1, 2, 3). For example, ifj = 3, theni=1andk =2 ori=2and k
= 1 - in both cases, Eq. (6) has an equivalent form because of the
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symmetry, fix = Pri- The negative values of S correspond to synergistic
missing, the positive values of fj — to antagonistic mixing, and fx = 0 —
to ideal mixing between the i-th and k-th components in the micellar
phase. In the case of two components y3 = 0 and the obtained result is
reduced to the Rubingh formulae [45]: fi =exp(Bioy2) and f2
exp(f12y3).

The system of equations describing the mass balances and chemical
equilibria of components is not closed. If the non-electrostatic micelle
tensions of the individual surfactants are y; (i = 1, 2, 3) and the electro-
static component of the 2D micelle tension is 7, then the generalized
expression for the Mitchell-Ninham closure for mixed micelles reads [34]:

()

T = fiviyy Hayar, +y373

The values of y; (i = 1, 2, 3) are given in the literature: y; = y» = 3.65
mN/m [26]; y3 = 3.60 mN/m [34] for AOS; y3 = 4.30 mN/m [34] for
SLES-2EOQ. The measured viscosities of all solutions are low so that the
shape of mixed micelles is close to spherical with radius R. In this case,
the following expressions:

D, O, — 4tanh(d,/4)

Y16~ Hsinh(®,/2) +gnleosh ()}

1 . D,
T = 16kBTE{Hsmh2(—) R 2

4
®

sinh(®,) — ®,1"*

H=|1
v cosh(®,) — 1

©)]
yom—a — 2 —¢3 — Car
cmt e+t +Cg3][

for the electrostatic component of the micelle tension are derived in the
literature [34]. If the dielectric permittivity in vacuum is &, the relative
dielectric permittivity is ¢, and the bulk ionic strength is I, then the
Debye parameter, «, in Eq. (8) is calculated as follows:

, 22
" egekgT

(10

In the case without precipitates, mj = 0 (j = 1, 2, 3), the considered
system of equations is closed and all concentrations, mole fractions and
the electrostatic potential can be calculated. Note that C16-MES and
C18-MES can form precipitates when the respective solubility-limit
constants, S; (j = 1, 2), are reached (see Section S1). The estimated
experimental values of S; and S5 are: S; = 0.749 mM for C16-MES; Sp =
0.202 mM for C18-MES. In the case of one or two precipitates, m; >
0 and/or my > 0, the conditions for the respective solubility limits close
the system of equations:

yiemer =S and/or  pleyer = S2 an
Generally, the phase diagrams of these solutions can contain following
domains: molecular solutions; molecular solutions with one or two MES
precipitates; micellar solutions without precipitates; micellar solutions
with one or two MES precipitates. All needed physicochemical param-
eters in the detailed model are known except for the micellar constants,
Kj (j = 1, 2, 3), and the interaction parameters, f12, 13, and f23. The
values of these parameters are obtained from the experimental data for
the solubility of MES in the ionic cosurfactant solutions with different
concentrations C3 (Section 4).

4. Determination of the micellar constants and the
dimensionless interaction parameters

In the case of individual AOS or SLES-2EO solutions, the micellar
constants are obtained in Section S3 based on the electrolytic conduc-
tivity measurements (Fig. 2a) and the simplified version of the detailed
model (Section 3) for ionic surfactant solutions without added MES: K3
=0.0576 + 0.0004 mM for AOS; K3 = 0.169 + 0.004 mM for SLES-2EQ.
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The micellar constants for hexadecanol and octadecanol in the mixed
micelles with SLES and cocamidopropyl betaine (CAPB) at different
temperatures are obtained experimentally in Ref. [36]. From the
dependence of these micellar constants on temperature, we calculated
their values at T = 5 °C (see Section S3 and Fig. S6). We assume that the
difference between the standard chemical potentials of molecules in a
monomeric form (in the bulk phase) and those in the micellar phase for
hexadecanol (octadecanol) is close to that for C16-MES (C18-MES)
because their polar heads stay in the water and the hydrocarbon tails are
identical. As a result, the following most probable values of the micellar
constants are calculated in Section S3: K; = 5.7 + 0.2 pM for C16-MES;
Ky =0.44 £ 0.02 pM for C18-MES. The calculated values for the micellar
constants show that In(K3/K7) = 3.39 for SLES-2EO and In(K3/K;) =
2.31 for AOS - the relative increase of the micellization energy in kgT
units for SLES-2EOQ is greater than that for AOS because the number of
the carbon atoms in the hydrocarbon tail of SLES-2EO is 12 and that for
AOS is 14-16 [46].

The mixing of C16-MES and C18-MES molecules in micelles is ideal
[33] and the interaction parameter ;2 is equal to zero. Thus, the only
unknown parameters in the detailed model are the interaction param-
eters between MES and the ionic cosurfactant molecules, 13 and fss3.

To obtain the experimental value of the interaction parameter, f13,
we measured the C16-MES concentrations of the last clear and the first
turbid mixed surfactant micellar solutions for different concentrations of
AOS and SLES-2EO (Fig. S5) after a long-term storage in a constant
climate chamber (Section 2). The experimental data (symbols) are
summarized in Fig. 3a and 3b. According to the nonionic approximation
[33], C1 vs Ct should be a straight line with a slope and an intercept
depending on the saturation mole fraction of C16-MES in mixed micelles

Journal of Colloid And Interface Science 660 (2024) 896-906

(Section S3). The obtained most probable values of the saturation mole
fractions (0.18 4 0.01 for both SLES-2EO and AOS mixed micelles) seem
to be reasonable but the description of the experimental data is not so
good. Thus, the nonionic approximation can be used for a qualitative
comparison between solubility results for ionic cosurfactants but it fails
down for a precise construction of the solution phase diagrams.

The solid lines in Fig. 3a and 3b are drawn using the detailed theory
(Section 3) simplified for the C16-MES + ionic surfactant solutions and
for the phase boundary between micellar solutions without and micellar
solutions with C16-MES precipitates: i) Co = 0; ii) m; = my = 0; iii) cpic
> 0. All physicochemical parameters are defined and the solid lines in
Fig. 3a and 3b are drawn using one adjustable parameter, f13. The
detailed theory describes excellently the experimental data and the
obtained most probable values of ;3 are: 13 = 0.49 + 0.01 for C16-MES
in SLES-2EOQ; 13 = 0.44 + 0.01 for C16-MES in AOS.

The detailed model predicts the electrostatic surface potential of
micelles and all concentrations. Fig. 3¢, 3d, and S7 summarize the
calculated results for the degree of counterion binding, for s, and for
the surfactant monomer concentrations in the bulk, ¢; and c3, respec-
tively. Typically for ionic micellar solutions [34], the degree of coun-
terion binding increases and the magnitude of the electrostatic potential
decreases with the rise of ionic strength. Because of the lower counterion
binding energy in the case of sulfate polar head, the degree of counterion
binding in the case of SLES-2EO is lower than that for mixed AOS mi-
celles, see Fig. S7a and 3c. The bulk monomer concentration of C16-MES
ions, c¢1, and that of cosurfactant ions, c3, decrease with the total sur-
factant concentration (Fig. 3d and S7b) — the incorporation of these ions
in the mixed micelles is favored with the decrease of the electrostatic
repulsion.
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2EO; (b) C16-MES + AOS. The dashed lines correspond to the nonionic approximation and the solid lines describe the result from the detailed theory. Calculated
degree of counterion binding and electrostatic potential (c) and monomer bulk concentrations (d) along the phase boundary for C16-MES + AOS micellar solutions.
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To obtain the C18-MES micellar constants, one uses the following
strategy for data processing of the solubility in the case of C16-MES/
C18-MES (60/40) + ionic surfactant mixed micellar solutions. We as-
sume that C18-MES precipitates first and apply the nonionic approxi-
mation approach to obtain the most probable values of the saturation
mole fraction of C18-MES in mixed micelles (Section S3). The dashed
lines in Fig. 4a and 4b are plotted with the values 0.093 + 0.001 and
0.062 + 0.001 for SLES-2EO and AOS, respectively. Again, the
description of experimental data is not good. Further, we applied the

detailed model in which: i) the concentration, s, = (yicmcz)l/ 2, of C18-
MES is equal to the solubility-limit constant, Sy, at the phase boundary
micellar solution/micellar solution + one precipitate [26]; ii) m; = my
= 0; iii) cmic > 0. All parameters of the detailed model are known except
for the interaction parameter between C18-MES and ionic cosurfactant
molecules in the micellar phase, f23. The experimental data in Fig. 4a
and 4b are fitted using one adjustable parameter, f23. As a result, fio3 =
1.63 £+ 0.01 for AOS, f23 = 1.35 £ 0.01 for SLES-2EO, and the respective
best theoretical calculations (solid lines) explain excellently the exper-

imental data. As should be, the concentration, s; = (yicMcl)l/ 2, of C16-
MES is lower than the solubility-limit constant, S;. Fig. 4c, 4d, and S8
summarize the obtained dependencies of the micellar and bulk param-
eters on the ionic surfactant concentration, C3. The general trends are
similar to those illustrated in Fig. 3c, 3d, and S7. The degree of coun-
terion binding and the magnitude of the electrostatic potential are
slightly higher for C16-MES/C18-MES (60/40) mixed micelles
compared to C16-MES mixed micelles. Fig. 4d and S7b show that the
bulk monomer concentration of C18-MES, co, is considerably lower than
that of C16-MES, c;. Nevertheless, the C18-MES precipitates first
because of Sp < Sj.
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To prove the validity of the detailed theory predictions, one uses the
experimental data for C16-MES/C18-MES (80/20) -+ ionic surfactants
(Fig. 5). All needed physicochemical parameters are already determined
and the solid lines in Fig. 5 are drawn without adjustable parameter. The
excellent description of the boundaries between the first turbid and last
clear solutions is illustrated assuming that C16-MES precipitates first.
The dot-dashed lines show the dependence of concentration s, for C18-
MES on Cr. As should be for all studied concentration sy < Ss. The
calculated dependencies of the micellar and bulk parameters on the
ionic surfactant concentration, Cs, are given in Figs. S9 and S10.

It is interesting to note, that the nonionic approximation curves
(dashed lines) with the obtained values of the saturation mole fractions
of MES qualitatively follow the experimental data (Section 3). Never-
theless, the addition of NaCl leads to the change of turbidity of surfac-
tant solutions and as a result, one should obtain the new experimental
values of the saturation mole fractions of MES in order to apply the
simpler nonionic approximation. In contrast, the detailed model ac-
counts for the effect of Na* counterions and it can predict the corre-
sponding phase diagrams without the need of additional experiments.

5. C16-MES and C18-MES phase diagrams

In the case of one MES component and ionic cosurfactant mixture,
the phase diagram contains four domains: molecular solution; molecular
solution + MES crystals; micellar solution + MES crystals; micellar so-
lution without precipitates. These domains are separated by four phase
boundaries, which intersect into quadrupole point Q (Figs. 6 and 7). The
detailed model (Section 3) predicts the solution properties for all values
of the MES mole fraction, zs, and the input total surfactant

T
Z

S 20 . . o
[ \ A first turbid 7 A
~ 201 v last clear 7 + 050 —~
¢ \ - %
- 1 N 3
g 18 T049 o
2
g 16 T g“
g 1l joee 2
= -
c
8 127 —— foa47 g
[2)
w o101 T T=5%C s s
= 7" C16-MESIC18-MES (60/40) ™~ _ 1046 ©
Q 87y +A0S S~
o - I 1 1 1 I
150 200 250 300 350

Total concentration, C; (mM)

Electrostatic potential, || (mV)

(d)

AOS concentration, C; (mM)

s ] ‘ ; —

g 0.500 C16-MES/C18-MES (60/40) + AOS

g 0.400 1 T=5°

S

S 0.300 A0S »

£

[=

8

S 0.200

[}

o

=

S C16-MES

2 0.005 | 1

[

£

S C18-MES

2 0.000 +— ; ; ; ;
100 150 200 250 300

Fig. 4. Dependence of the C18-MES concentrations, C», of the last clear and the first turbid solutions and concentration s; on the total surfactant concentration, Cr:
(a) C16-MES/C18-MES (60/40) + SLES-2EO; (b) C16-MES/C18-MES (60/40) + AOS. The dashed lines correspond to the nonionic approximation and the solid lines
describe the result from the detailed theory. Calculated degree of counterion binding and electrostatic potential (c) and monomer bulk concentrations (d) along the
phase boundary for C16-MES/C18-MES (60/40) + AOS micellar solutions.
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describe the result from the detailed theory.

concentration, Cr. The respective phase boundaries are calculated as
follows (k = 1 stands for C16-MES and k = 2 for C18-MES). For example,
in the case of C16-MES + ionic surfactant, the concentration of C18-
MES, Co, is equal to zero, and oppositely for C18-MES solutions, C; = 0.

Molecular solution/micellar solution (D-line). This phase line describes
the critical micelle concentration of the mixed solutions. In the general
model, one substitutes: my = 0 (no precipitates); cpic = 0 (the number of
micelles at the p-line is equal to zero). As a result, we obtained zp =
2a(Ct) and concentration si = sg(Ct). The calculations are performed for
sk < Sk and they are stopped at quadrupole point Q, where si is equal to
the solubility-limit constant, Sg.

Molecular solution/molecular solution + MES crystals (C-line). There
are no micelles at this boundary (cpijc = 0) and the bulk monomer
concentrations are equal to the input MES, ionic surfactant, and disso-
ciated Nat ions concentrations. Thus, the C-line is described by the
solubility-limit constant of MES, s = Sk.

Micellar solution/micellar solution + MES crystals (A-line). The cal-
culations along this phase boundary are described in Section 4. In fact,
they start from the total surfactant concentration corresponding to the
quadrupole point, Q, and Cr increases to obtain the respective depen-
dence za = 2A(Ct).

Molecular solution + MES crystals/micellar solution + MES crystals (B-
line). The detailed model is applied for: cpic = 0 (the number of micelles
at the B-line is equal to zero); my > O (there are MES precipitates); sk = Sk
(the bulk monomer MES concentration is controlled by the bulk solu-
bility of MES).
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Fig. 6 shows the phase diagrams of C16-MES in (a) SLES-2EO and (b)
AOS mixed solutions. The experimental points corresponding to the last
clear (V) and the first turbid (A) solutions (Fig. 3a and 3b) are plotted in
terms of za = 2a(Cr) and as should be, the respective A-lines passes
through them. To verify the positions of the B- and C-lines, we measured
the dependencies of the electrolytic conductivity of solutions for fixed
MES mole fractions, za = 0.7 and zx = 0.8, on the total surfactant
concentration, Ct, at 5 °C (Figs. S11 and S12). With the rise of Cr, the
slope of the conductivity vs Cy in the molecular solution + C16-crystals
domain decreases compared to that in the molecular solution domain
because of the C16-MES precipitates. The subsequent increase of Cr,
leads to the second kink point in the conductivity measurements — as a
result of the formation of micelles and counterion binding to them, the
conductivity data slope in the micellar solution + C16-crystals de-
creases. The respective positions of the kink points of the conductivity
data ([)) are excellently described by the phase boundaries (B- and C-
lines) in Fig. 6.

With the rise of the nonionic cosurfactant concentration along the A-
line, the MES mole fraction, z,, slightly decreases to a given constant
value corresponding to the solubility limit mole fraction of MES in the
mixed micelles [33]. In the case of ionic cosurfactants, the most
intriguing result is the maximum of z5 vs Cr (24 = 0.248 for Ct = 11.1
mM for SLES-2EO and 0.272 at 14.1 mM for AOS) along the A-line
(Fig. 6), which needs a further explanation. First, the number of mole-
cules of MES incorporated in the mixed micelles increases with the ionic
surfactant concentration, C3. Nevertheless, the mole fraction of MES, za,
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Fig. 6. Phase diagrams of C16-MES in (a) SLES-2EO and (b) AOS mixed solutions. The experimental points correspond to the last clear and the first turbid solutions
(Fig. 3a and 3b) and to the positions of the kinks in the electrolytic conductivity vs Cr data (Figs. S11 and S12), which were measured to verify the phase diagrams.
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Fig. 7. (a) Phase diagram of C18-MES + SLES-2EO micellar solutions. (b) Enlarged view of the phase diagram around the quadrupole point, Q.

is bounded by the saturation mole fraction of MES in mixed micelles.
Second, the increase of Cs gives rise of the concentration of the not
bound Na™ counterions to the micelles, cy (Fig. S13): i) the increase of
cum favors the precipitation of MES; ii) the larger ionic strength sup-
presses the electrostatic repulsion between the dissociated MES mole-
cules in the bulk and the micelles, decreases the magnitude of the
micellar electrostatic potential, and the free monomer MES concentra-
tion. The maximums of za along the A-line are results of the counter-
balance between the last two trends.

The energies of counterion binding are important for the values and
the positions of the maximums in Fig. 6. The SLES-2EO sample is salt free
and that of AOS contains 12 mM NaCl per 100 mM AOS (Section 2).
Nevertheless, because of the higher energy of Na* counterion binding to
the sulfonate group compared to that to the sulfate group, the degree of
counterion binding is higher and the respective concentration of free
Na* ions is lower for C16-MES + AOS compared to C16-MES -+ SLES-
2EO mixed solutions (see Fig. S13). This explains the greater value of the
za-maximum at higher Ct in the case of AOS compared to that in the case
of SLES-2EO.

The detailed model also predicts the 2D phase diagrams of C18-MES
in SLES-20 (Fig. 7) and in AOS (Fig. S14) mixed micellar solutions. In
our calculations, we assumed that the C18-MES sample is salt free. The
solubility of C18-MES is considerably lower than that of C16-MES and
the concentration of counterions around the CMC is high — as a result the
position of the quadrupole point is close to the CMC of ionic cosurfactant
without added MES (Fig. 7b). The physical explanation of the maximum
of the MES mole fraction along the A-line is analogous to that in the case
of C16-MES: z, = 0.0929 at Cr = 17.6 mM for C18MES + SLES-2EO
(Fig. 7b); zp = 0.0718 at Ct = 20.9 mM for C18MES + AOS (Fig. S14b).
Note that the maximum value of z5 for CI8MES + SLES-2EQ is greater
than that for C18MES + AOS, while the difference between the values of
these maximums for C16-MES is small (Fig. 6). The dependencies of the
micellar parameters along the A-lines on the cosurfactant concentration,
Cs, are summarized in Fig. S15.

6. Phase diagrams of mixed C16-MES/C18-MES and ionic
cosurfactant solutions

The phase diagrams for micellar solutions of two partially soluble
components (e.g. C16-MES and C18-MES) in the presence of soluble
cosurfactant (e.g. SLES or AOS) are three dimensional. For quantitative
representation, it is convenient to plot 2D cross sections for fixed molar
ratios between two of the components [33]. If the partially soluble
components cannot form mixed precipitates, then the phase diagram can
contain eight different kinds of domains: molecular solution; molecular
solutions with one kind of precipitates (denoted as Cl6-crystals and
C18-crystals) and with precipitates from the both of them (denoted as
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C16-C18-crysrals); micellar solution without precipitates (micelles); one
kind of precipitates coexists with the micelles (denoted as micelles +
Cl6-crystals and micelles + C18-crystals) and micellar solutions with
precipitates of the two partially soluble components (denoted as mi-
celles + C16-C18-crystals). The number of phase boundaries depends on
the complexity of the respective 3D phase diagram.

Fig. 8 shows the calculated phase diagrams for C16-MES/C18-MES
(60/40) micellar solutions in the presence of AOS (Fig. 8a) or SLES-
2EO (Fig. 8b). The experimental points for the last clear (V) and the
first turbid (A) solutions (Fig. 4a and 4b) are included in Fig. 8 in order
to demonstrate that they lay on the phase boundary micelles/micelles +
C18-crystals. The enlarged views of these phase diagrams for low values
of the MES mole fractions are presented in Section S5.

In the case of AOS. The type of the phase diagram illustrated in Fig. 8a
is analogous to those for C16-MES/C18-MES (60/40) and nonionic
cosurfactant solutions [33]. One starts the calculations from the CMC of
the ionic cosurfactant (AOS), increases z,, and calculates the position of
the D-line (see Section 5). The calculations stop at quadrupole point Q1,
where the solubility concentration sy is equal to the solubility-limit
constant, Sy. The position of the quadrupole point Q1 is close to the
CMC of AOS because of the low solubility of C18-MES (Fig. S16a).
Subsequently, the calculations along the phase boundary molecular
solution/C18-crystals (C1-line), micelles/micelles + C18-crystalls (Al-
line), and micelles + C18-crystalls/C18-crystals (B1-line) are analogous
to those described in Section 5. Note that along the Bl-line, one in-
creases the mole fraction of MES and calculates all physicochemical
parameters including the solubility concentration of C16-MES, s;. At the
point, where solubility concentration s; is equal to the solubility-limit
constant, S;, both MES components precipitate and micelles appear.
This defines the second quadrupole point, Q2. In fact, lines A2, B2, and
C2 have analogous meaning to lines A1, B1, and C1 but with respect to
the second MES component, which can precipitate (in our case C16-
MES).

The maximal MES mole fraction of the transparent micellar solutions
is equal to 0.311 at 12.6 mM total surfactant concentration. It is inter-
esting to note, that this value of z5 (0.311) is greater than the maximum
value of 0.272 for C16-MES + AOS (Fig. 6b).

In the case of SLES-2EOQ. The micellar parameters of SLES-2EO are not
considerably different than that of AOS. The main difference is that
SLES-2EO sample is salt free. One sees that the positions of quadrupole
points Q1 and Q2 and lines B1, C1, C2, and D are not so different for
SLES-2EO (Fig. 8b) compared to those for AOS (Fig. 8a) for low total
surfactant concentrations, Ct. The main difference is that the Al-line
starting from point Q1 and the A2-line starting from point Q2 inter-
sect in the third quadrupole point, Q3. The respective Al-line and A2-
line with the decrease of the total surfactant concentrations starting
from high values of Ct (e.g. Cr = 500 mM) intersect in the fourth
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Fig. 8. Phase diagrams of C16-MES/C18-MES (60/40) in the presence of AOS (a) and in the presence of SLES-2EO (b). Symbols show experimental data from Fig. 4a
and 4b and the dashed lines correspond to the transparent micellar solutions with maximal MES mole fractions.

quadrupole point, Q4. As a result, a small domain with micelles + C16-
crystals is formed (Fig. 8b). For fixed Ct between 4.6 mM and 16 mM
with the rise of za, one passes through domains micelles, micelles + C16-
crystals, micelles + C16-C18-crystals and finally C16-C18-crystlas.
Because of the lower ionic strength, the maximum of the MES mole
fraction vs Cr is the highest, 25 = 0.448 at Cr = 10.1 mM.

Fig. 9 summarizes the obtained numerical results (solid lines) for the
phase diagrams of C16-MES/C18-MES (80/20) solutions in the presence
of AOS or SLES-2EO - the enlarged views for small MES mole fractions
are presented in Fig. S17. For both ionic cosurfactants, the phase dia-
grams are quite similar but considerably different than those for lower
fraction of C16-MES given in Fig. 8. Starting from the CMC of the in-
dividual ionic cosurfactant and increasing the MES mole fraction, za,
one calculates the D-line. At this line, concentration s, increases and
becomes equal to the solubility-limit constant, Sy, of C18-MES at
quadrupole point Q1. This point belongs to the boundaries between
domains molecular solution, C18-crystals, micelles + C18-crystals, and
micelles. The subsequent increase of z, describes a phase boundary
between the molecular solutions with C18-MES precipitates and
micellar solutions with C18-MES precipitates, which is analogous to the
Bl-line in Fig. 8a. This line starts from quadrupole point Q1 and ends at
quadrupole point Q2. At the Al-line started from Q1, the solubility
concentration of C16-MES, s;, increases and it becomes equal to the
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solubility-limit concentration, S;, at the third quadrupole point, Q3.
Instead of the low weight fraction of C18-MES (20 %) in this MES
sample, a region with mixed micelles and C18-crystals appears. In fact,
the first C16-MES precipitate appears at quadrupole point Q3 corre-
sponding to the boundaries between domains micelles, micelles + C16-
crystals, micelles + C16-C18-crystals, and micelles + C18-crystals.

Starting from the large enough total surfactant concentration (e.g.
Cr = 500 mM), the experimental Al-line describes the phase boundary
between micellar solutions without and with C16-MES precipitates. As
should be, the experimental data lay on the Al-line (Fig. 5). With the
decrease of Ct along the Al-line, concentration sy increases and at
quadrupole point Q3 becomes equal to the solubility limit-constant, Ss.
The line between quadrupole points Q2 and Q3 is the phase boundary
between micellar solutions with C18-MES precipitates and micellar so-
lutions with precipitates of the both partially soluble components
(Fig. S17).

The dashed lines in Fig. 9 correspond to the transparent micellar
solutions with maximal possible MES mole fractions: zy = 0.354 at Ct =
14.2 mM for AOS; za = 0.298 at Ct = 11.3 mM for SLES-2EO. It is
interesting to note, that the greatest maximum value of z is obtained for
C16-MES/C18-MES (80/20) in the presence of AOS, while that in the
presence of SLES-2EO for larger amount of C18-MES in the mixture (60/
40).
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Fig. 9. Phase diagrams of C16-MES/C18-MES (80/20) in the presence of AOS (a) and in the presence of SLES-2EO (b). Symbols show experimental data from Fig. 5a
and 5b and the dashed lines correspond to the transparent micellar solutions with maximal MES mole fractions.
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7. Conclusions

The water solubility of long chain length methyl ester sulfonates
(C16-MES and C18-MES) decreases significantly for temperatures below
their Krafft points [4,29,32,33]. An efficient way to increase the MES
solubility is to incorporate C16-MES and C18-MES in mixed micelles.
The wide application of conventional anionic surfactants [47] opens the
question on the solubility of MES in the presence of anionic
cosurfactants.

The precise measurements of the turbidity of Cn-MES and their
mixtures in water at 5 °C showed that their solubility depends on the
counterion concentration in the presence of NaCl. The logarithm of the
solubility-limit constants, Sy, is a linear function of the number of carbon
atoms, n, in the alkyl chain (Fig. S4b, and Table S1). The electrostatic
repulsion between the charged ionic micelles and charged free MES
molecules lowers the possibility of the incorporation of MES in the
mixed micelles. With the rise of ionic cosurfactant concentration, the
ionic strength increases: i) the micellar electrostatic potential decreases,
which favors the incorporation of MES in the mixed micelles; ii) the
counterion concentration increases, which lowers the MES solubility.
The fine balance between these opposite trends is accounted for in the
developed general phase separation model (Section 3).

To determine the needed model physicochemical parameters of the
used MES, sodium alpha olefin sulfonate (AOS), and sodium lauryl ether
sulfate with two ethylene oxide groups (SLES-2EQ) samples, we
measured the electrolytic conductivity and surface tension isotherms
(Section 2). The micellar constants, energy of counterion binding to the
micelles (Stern constants), the amount of NaCl in each sample are ob-
tained. The experimental data for the solubility limit of C16-MES and
mixed C16-MES and C18-MES solutions in the presence of AOS and
SLES-2EO are fitted using one adjustable parameter — the interaction
parameter, 13 and f»3, between MES and ionic cosurfactant molecules
in the mixed micelles appearing in the regular solution approach (Sec-
tion 4). The obtained positive values of 0 < 13 < ff23 correspond to an
antagonistic mixing of the components in the mixed micelles, which is
more pronounced for C18-MES if compared to C16-MES.

The quantitative 2D phase diagrams for one partially soluble
component (C16-MES and C18-MES) are calculated using the general-
ized phase separation model and verified experimentally (Figs. 6 and 7,
Supplementary Material). They contain a typical four phase domains
(molecular solution, micellar solution, molecular solution with MES
precipitates, coexistence of micelles and MES precipitates), which are
separated by four boundaries intersecting in one quadrupole point Q
[33,35,36]. An important observation is the obtained maximal mole
fraction of MES at a given total surfactant concentration of transparent
micellar solutions. The relative maximum capacities of micelles are
0.248 and 0.272 for C16-MES in SLES-2EO and in AOS, respectively. As
should be, these capacities for C18-MES are considerably lower: 0.0929
and 0.0718 in SLES-2EO and AOS, respectively.

In the case of mixtures C16-MES/C18-MES (60/40 and 80/20) and
ionic cosurfactant, the respective cross sections of the 3D phase dia-
grams are calculated and verified experimentally (see Figs. 8 and 9). The
possible eight phase domains are separated by phase boundaries, which
intersect in two, three, or four quadrupole points. The complexity of the
phase diagrams are explained with the effect of electrostatic interactions
and binding of the counterions to the micelles. The largest micellar ca-
pacity of 0.448 is observed for C16-MES/C18-MES (60/40) in SLES-2EO
and 0.354 for C16-MES/C18-MES (80/20) in AOS.

The new theoretical approach upgrades the available phase separa-
tion models in the literature [33-36]. The obtained maximal MES mole
fraction of transparent micellar solutions could be of interest to increase
the range of applicability of MES-surfactants in the presence of con-
ventional anionic surfactants.
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