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Hypothesis: Many ionic surfactants with wide applications in personal-care and house-hold detergency
show limited water solubility at lower temperatures (Krafft point). This drawback can be overcome by
using mixed solutions, where the ionic surfactant is incorporated in mixed micelles with another surfac-
tant, which is soluble at lower temperatures.
Experiments: The solubility and electrolytic conductivity for a binary surfactant mixture of anionic
methyl ester sulfonates (MES) with nonionic alkyl polyglucoside and alkyl polyoxyethylene ether at
5 �C during long-term storage were measured. Phase diagrams were established; a general 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
methodology, which utilizes the equations of molecular thermodynamics at minimum number of
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experimental measurements, is convenient for construction of such phase diagrams. The results could
increase the range of applicability of MES–surfactants with relatively high Krafft temperature, but with
various useful properties such as excellent biodegradability and skin compatibility; stability in hard
water; good wetting and cleaning performance.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

The sulfonated methyl esters (MES) are produced from renew-
able palm-oil based materials [1–4]. The commercial MES surfac-
tants have typically even alkyl chain lengths, from C12 to C18, and
they are denoted below Cn-MES. MES have excellent biodegrad-
ability and biocompatibility [5] and have been promoted as alter-
natives to the petroleum-based surfactants [6–9]. The sulfonated
methyl esters have attractive properties for various applications
[10–16]: very good wetting and detergent powers with low viscos-
ity of their aqueous solutions; suitable for cleaning formulations,
such as phosphate-free detergent powders; excellent water hard-
ness stability allows them to be used in hard-water regions; very
good ability to dissolve calcium-soap scum; excellent skin compat-
ibility that makes them potentially very good for hand dishwash-
ing formulations and body care products; viscous formulations,
in mixture with nanoparticles. The recent studies on the rheologi-
cal behavior of mixed MES and betaine solutions [17] and on the oil
drop deposition on solid surfaces [18] have shown a possible wide
application for shampoo systems.

The interfacial properties of Cn-MES and their critical micelle
concentrations (CMC) have been studied by the surface tension,
electrolytic conductivity, and neutron reflectivity measurements
[9,19–24]. The experimental data and theoretical interpretations
show that Cn-MES molecules exhibit typical behavior for ionic sur-
factants: CMC decreases with the increase of number of carbon
atoms in the alkyl chain, n, and with the salt concentration; the
adsorption at the CMC is 3.4 lmol/m2 and the excluded area per
molecule is 37 Å2; the binding energy of Ca2+ ions to the headgroup
of MES is comparable to that of Na+ ions and considerably smaller
than to the headgroups of linear alkylbenzene sulfonates. One of
the possible impurities in commercial MES is the fatty acid sul-
fonate (disalt), which also forms at large enough values of pH
[2,25,26]. For surfactant concentrations below 200 mM and low
concentrations of added salt, the micelles are spherical with aggre-
gation numbers from 57 (for C12-MES) to 90 (for C16-MES) [27].
The Cn-MES forms wormlike micelles with the rise of added salt
concentration and in mixtures with betaine [17,27,28].

The increase of the length of MES alkyl chain leads to the
increase of the Krafft temperature, TK [29]: TK = 28 �C for C16-
MES; TK = 41 �C for C18-MES. For that reason in many cases, the
eutectic mixtures of C16- and C18-MES are used [24]: for example
the Krafft temperature of C16/C18 (3/1) weight to weight fractions
decreases to 15 �C. For temperatures lower than 15 �C, all kind of
C16-C18-MES mixed solutions are turbid at large enough concen-
tration because of the formation of MES precipitates (MES-
crystals) instead of micelles. An efficient way to increase the solu-
bility of long chain length MES is to incorporate the MES molecules
in the micelles of other surfactants, which do not precipitate at low
temperatures. It is shown in the literature that the solubility of
fatty acids and alcohols increases considerably in anionic (SLES)
and zwitterionic (CAPB) micellar surfactant solutions [30,31].

Our goal in the present study is to obtain experimentally the
solubility limits of individual Cn-MES components and their mix-
tures in pure water at low temperature of 5 �C (Section 3). The
increase of the solubility of the C16-MES and C18-MES and their
mixtures in micellar commercial (Pareth-7 and Glucopon) surfac-
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tant solutions is detected by the measurements of the saturation
mole fractions of MES in respective micelles (Section 3). The
obtained experimental data allow calculating the complete set of
physicochemical constants of MES and nonionic surfactants in
the bulk and micelles. The theoretical approach from Refs.
[30,31] is applied to calculate the phase diagrams for individual
MES components in micellar surfactant solutions (Section 4). The
four phase diagram domains are separated by the four phase sep-
aration lines, which intersect in one quadruple point. The theory is
generalized in Section 5 for mixtures of two partially soluble com-
ponents and one nonionic surfactant. The number of domains in
the essential 3D phase diagrams increases by 2 new regions con-
taining precipitates from the both MES. As a result, quantitative
descriptions of all seven phase separation lines and two quadruple
points are achieved. The results could be of interest for any appli-
cation, in which mixed micellar solutions of nonionic surfactants
and MES mixtures are used, and the solutions should be clear at
low temperatures.
2. Materials and methods

The following sulfonated methyl esters (Cn-MES), produced by
KLK OLEO, were used (Fig. 1): myristic (C14-MES) with molecular
weight Mw = 344 g/mol and the critical micelle concentration
(CMC) 3.68 mM [21] at 25 �C; palmitic (C16-MES),Mw = 372 g/mol,
and CMC = 1.02 mM [21] at 25 �C; mixtures of palmitic and stearic
(C18-MES, Mw = 400 g/mol) with C16-MES/C18-MES weight to
weight fractions 80/20 and 60/40 and CMC < 1 mM at room tem-
perature. In all experiments the pH of MES solutions was adjusted
to 5.5. The used C14-MES and C16-MES samples have been charac-
terized by liquid chromatography-mass spectrometry (LC/MS)
analysis. The purity of C14-MES is 97.9%, of C16-MES is 99.1%
Fig. 1. Structural formulae of C16-MES, Pareth-7, and Glucopon.
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[21], and the active substances of C16-MES/C18-MES mixtures
are > 92%.

The ability of two nonionic surfactants to increase the MES sol-
ubility at low temperature of 5 �C was studied (Fig. 1). Pareth-7
(Imbentin-AG/124S/070, product of KLK OLEO) is a nonionic sur-
factant with a linear alkyl chain of 12–14 carbon atoms, a hydro-
philic head of 7 ethoxy groups, average molecular weight
516 g/mol, natural pH = 6.2, > 99% active. Glucopon 225 DK, pro-
duct of BASF, has average molecular mass 390 g/mol, natural
pH = 6.8, 8–10 carbon atoms in the linear alkyl chain, 1.2–1.5 glu-
coside groups in the hydrophilic part, 69.5% active. All chemicals
were used as received, without additional purification.

The aqueous solutions were prepared with deionized water
(Elix 3 purification system, Millipore, USA). The concentrated sur-
factant solutions were mixed and stirred at 40 �C for 1 h for the
better solubility of all components. The prepared solution at their
natural pH were cooled down and placed in a thermostat at 5 �C
at least for 24 h for equilibration. For the long-term storage (at
least 3 months), all solutions were kept in a constant climate
chamber (Binder KBF-S240) at 5 �C. The absorbance of light was
measured by a spectrometer (Jasco V-730) at wavelength
k = 500 nm [30,31]. The apparatus detects the ratio between the
intensities I0 and I of the incident and transmitted beams, respec-
tively, in terms of log10(I0/I). The turbidity is due to light scattering
by MES crystallites. Before each absorbance measurement, the
flask with the probe was shaken to disperse the available precipi-
tates, if any. The concentrated micellar solutions of the nonionic
surfactants (without added MES) are transparent at 5 �C. For the
solubility test in the presence of MES, the respective absorbance
of the concentrated nonionic surfactant solution without added
MES is used for a baseline. The obtained data are summarized in
Section 3, where we determined the solubility limits of the studied
MES in pure water and their saturation concentrations in micellar
solutions of Pareth-7 and Glucopon.

To check experimentally the calculated positions of the phase
boundaries, the electrolytic conductivity of solutions at fixed MES
mole fractions were carried out by Hanna EC215 conductivity
meter.

To obtain the critical micelle concentrations of the nonionic sur-
factants, we measured their surface tension isotherms at 5 �C by
force tensiometer K100 (Krüss, Germany) using the Du Noüy ring
(Fig. 2). The CMC of Glucopon is 1.55 mM, while that of Pareth-7
is considerably lower (0.055 mM) because of the longer Pareth-7
hydrophobic tail. The adsorptions at the CMC for Glucopon and
Fig. 2. Surface tension isotherms of Pareth-7 and Glucopon measured at 5 �C. The
critical micelle concentrations are 0.055 mM and 1.55 mM, respectively.
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Pareth-7 are 4.16 and 3.73 lmol/m2, respectively. The larger area
per molecule at the CMC of Pareth-7 (44.5 Å2) compared to that
of Glucopon (39.9 Å2) is because of the larger size of 7 ethoxy
groups compared to 1.2–1.5 glucoside groups. Pareth-7 and Gluco-
pon are nonionic surfactants and the small amount of surface
active admixtures does not affect the obtained values of the critical
micelle concentrations.
3. Experimental results

3.1. Solubility limits of MES in pure water

Fig. 3a–3c show the dependence of the light absorbance of MES
aqueous solutions on the surfactant concentration. The absorbance
of each solution does not change after the first day and remains
constant for a long-term storage. In each separate curve, an abrupt
increase in the absorbance is observed above a certain concentra-
tion. In the case of C14-MES and C16-MES (Fig. 3a), these concen-
trations are S14 = 3.00 mM and S16 = 0.695 mM, respectively
(Table 1). The obtained solubility limits, S14 and S16, are close to
the literature data of 3.17 and 0.635 mM [29]. If one plots the
absorbance of mixed C16/C18 (80/20) solutions as a function of
the concentration of C16-MES, one obtains the same dependence
on the concentration as that for the absorbance of C16-MES alone
(Fig. 3b). Hence 20 wt% C18-MES in the mixture does not affect the
appearance of C16-MES crystallites.

The Krafft temperature of mixed C16-MES/C18-MES aqueous
solutions is measured in the literature [29]. If one plots the exper-
imental data (Fig. 3d) as a function of the weight fraction of C16-
MES, w16, one sees two well pronounced linear trends. With the
increase of the weight fraction of C16-MES, w16 � 75.2%, the Krafft
temperature, TK, decreases down to 13 �C. The subsequent increase
ofw16 leads to a linear increase of TK. Hence C16-MES and C18-MES
do not form mixed crystals: C18-MES crystals appear for
w16 < 75.2%; C16-MES crystals are formed for w16 > 75.2%. For that
reason, the experimental curves in Fig. 3b coincide. From the plot
of the absorbance of C16/C18 (60/40) aqueous solutions versus
the C18-MES concentration (Fig. 3c), we measured the solubility
limit of C18-MES, S18, because the concentration of C16-MES is
lower than S16 (Table 1).

Fig. 3 illustrates the main idea to use C16/C18 (80/20) and
(60/40) mixtures. Relatively pure C18-MES is difficult to be synthe-
sized. The C16/C18 (80/20) mixture is chosen to check the hypoth-
esis that C16-MES and C18-MES molecules prefer to form
individual crystals, instead of the mixed ones. Respectively, the
obtained results for C16/C18 (60/40) mixture give possibility to
obtain the solubility limit of C18-MES, S18.

From the thermodynamics of ideal mixtures, it follows that the
value of the solubility limit for ideal mixed crystal phases, Smix,
obeys the simple relationship:

1
Smix

¼ x16
S16

þ x18
S18

ð3:1Þ

where the mole fraction of C16-MES is x16 and that of C18-MES is
x18. The dashed line between points 1/S16 and 1/S18 in Fig. 3d is
drawn using Eq. (3.1). The experimental points deviate considerably
from this line, which is an additional indication that C16-MES and
C18-MES molecules prefer to form individual crystals, instead of
the mixed ones.

Fig. 4 shows the experimental dependence of the solubility of
Cn-MES in pure water at 5 �C on the number of carbon atoms, n.
It is well illustrated that lnSn is a linear function of the number
of carbon atoms, n, and lnSn ¼ 10:31� 0:6613n. The linear regres-
sion coefficient in Fig. 4 is 0.9991 and the precision of the slope and
intercept are � 0.6613 ± 0.02 and 10.31 ± 0.3, respectively. This



Fig. 3. Absorbance and solubility of MES aqueous solutions: a) absorbance of C14-MES and C16-MES; b) comparison between absorbance of C16-MES and that of mixed C16/
C18 (80/20) plotted as a function of C16-MES concentration; c) dependence of the absorbance of C16/C18 (60/40) solutions on C18-MES concentration; d) dependence of the
Krafft temperature [29] and the solubility limits at 5 �C of C16/C18 mixed aqueous solutions on the weight fraction of C16-MES in MES mixture.

Table 1
Solubility limits of Cn-MES at 5 �C.

Surfactant: C12-MES C14-MES C16-MES C18-MES

Sn (mM) 10.7 3.00 0.695 0.213

Fig. 4. Dependence of the solubility of Cn-MES in water at 5 �C on the number of
carbon atoms, n.
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interpolation dependence allows predicting of the solubility limit
of C12-MES in pure water, S12 (see Table 1).

3.2. Saturation concentrations of MES in Glucopon and Pareth-7
micellar solutions

In the presence of MES and nonionic surfactant with concentra-
tion above the CMC, the mixed micelles are formed. At fixed con-
centration of Glucopon (50, 100, 200, and 300 mM) and Pareth-7
(100, 200, and 300 mM), the capacity of nonionic micelles to incor-
porate MES is limited. Hence above a given input MES concentra-
tion, the unincorporated MES in nonionic micelles will form
precipitates and the micellar solutions become turbid. This thresh-
old total MES concentration is called the micellar saturation con-
centration, CA,sat [30,31]. In the presence of mixed micelles, the
turbidity of the solutions changes rather slowly over the storage
time (Figs. S1 and S2). In our case three weeks are needed to reach
the equilibrium distribution of MES molecules in the micellar, free
surfactant in water and crystal phases. In all experiments the stor-
age time was 90 days and after the third week, the turbidity
remains constant and does not change at least for three months.
The nonionic cosurfactants affect considerably the kinetics of
MES crystals formation. The step increase in the absorbance is well
pronounced and the saturation concentration is measured with a
good precision. Even for the lowest experimental concentration
of Glucopon (50 mM), the saturation concentration of MES is about
30 times larger than the respective solubility limit of MES in pure
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water. With the increase of the nonionic surfactant concentration,
the MES saturation concentration increases as well.

To characterize the micellar solutions, we used the following
strategy for data processing. In the case of added C16-MES, the
mixed solutions contain two components: C16-MES and nonionic
surfactants. At the MES saturation concentration, CA,sat (Cn,sat), the
concentration of MES molecules in the form of free monomers,
no matter the total MES concentration, is equal to Sn. The condi-
tions for the chemical equilibrium between the molecules in the
micellar phase and those in the form of free monomers for ideal
mixing read [30–32]:

lnSn ¼ lnKn;mic þ lnyn;sat ; lncS ¼ lnKS;mic þ lnð1� yn;satÞ ð3:2Þ
Here Kn,mic and KS,mic are the respective micellar constant of Cn-MES
and nonionic surfactant molecules in the micellar phase; yn,sat is the
mole fraction of Cn-MES in the mixed micelles at saturation; cS is
the concentration of free monomers of nonionic surfactant. The
conservation of mass equations for the species are [30–32]:

Sn þ yn;satcmic ¼ Cn;sat ; cS þ ð1� yn;satÞcmic ¼ CS ð3:3Þ
where CS is the input nonionic surfactant concentration, CT = CS + Cn,
sat is the total concentration, and cmic is the total number of mole-
cules (in mole units) incorporated in the micelles divided by the
solution volume. From Eqs. (3.2) and (3.3), one obtains the follow-
ing relationship between Cn,sat and CS:

Cn;sat ¼ Sn � yn;satKS;mic þ
yn;sat

1� yn;sat
CS ð3:4Þ

Eq. (3.4) shows that the experimental dependence, Cn,sat versus
CS, defines the saturation mole fraction, yn,sat, and subsequently Kn,

mic = Snyn,sat, see Eq. (3.2). In Fig. 5a and 5b we plotted the experi-
mental data for C16,sat versus CS in the case of C16-MES added to
the nonionic micellar solutions. The nonlinear regression analysis
in accordance with Eq. (3.4) gives the most probable values of
y16,sat, which are equal to 0.285 ± 0.001 and to 0.132 ± 0.002 for
Glucopon and Pareth-7 micelles, respectively (solid lines in
Fig. 5a and 5b). Note, that Cn,sat is a linear function of CS, see Eq.
(3.4), but the intercept, Sn � yn,satKS,mic, and the slope, yn,sat/
(1 � yn,sat), are not independent adjustable parameters – they
depend only on the saturation mole fraction, yn,sat. The obtained
values of KS,mic from the measured critical micelle concentrations
(see Fig. 2) and K16,mic are summarized in Table 2.

In the case of C16-MES and C18-MES mixtures, one kind of MES
crystals appears the first. The observed saturation concentration
can be because of the appearance of C16-MES or C18-MES crystals.
We denote the component, which first forms precipitates, by A1
Fig. 5. Saturation concentrations of MES in nonionic surfactant micellar solutions. Satur
studied MES in (a) Glucopon and (b) Pareth-7 micellar solutions.
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and the next one – by A2. Hence the equations of the chemical
equilibrium between the molecules in the micellar phase and those
in the form of free monomers at the saturation concentration are:

lnSA1 ¼ lnKA1;mic þ lnyA1;sat ; lncA2 ¼ lnKA2;mic þ lnyA2 ð3:5aÞ

lncS ¼ lnKS;mic þ lnyS ð3:5bÞ
Here KA1,mic, KA2,mic, and KS,mic are the micellar constants of the
respective components; yA1,sat, yA2, and yS are their mole fractions
in the micelles; yA1,sat + yA2 + yS = 1; cA2 and cS are the respective free
monomer concentrations in the bulk phase. If the total input con-
centrations are CA1,sat, CA2, and CS, then the mass balance equations
read:

SA1 þ yA1;satcmic ¼ CA1;sat ; cA2 þ yA2cmic ¼ CA2 ð3:6aÞ

cS þ yScmic ¼ CS ð3:6bÞ
One eliminates cA2, yA2, cS, yS, and cmic from Eqs. (3.5) and (3.6)

and obtains the following general relationship at the first satura-
tion point:

yA1;satCA2

yA1;satKA2;mic þ CA1;sat � SA1
þ yA1;satCS

yA1;satKS;mic þ CA1;sat � SA1

þ yA1;sat
¼ 1 ð3:7Þ
Eq. (3.7) for CA2 = 0 is reduced to the obtained result for two

component systems, Eq. (3.4).
The micellar constant, K16,mic, is already determined from the

experiments with C16-MES (Fig. 5a and 5b, Table 2). The turbidity
experiments with C16/C18 (60/40) in pure water (Fig. 3c and 3d)
showed that C18-MES precipitates first appear. We assume that
in the case of C16/C18 (60/40) MES incorporation in nonionic
micelles again the first precipitate, which is responsible for the
step increase of the absorbance and turbidity, is that of C18-MES.
Hence: A1 is C18-MES; A2 is C16-MES; CA2 = 1.613CA1,sat (see Sup-
plementary material); KA2,mic is K16,mic (Table 2); Eq. (3.7) for a
given value of y18,sat is a quadratic equation for the calculation of
the saturation concentration, C18,sat, which is measured. We fitted
experimental data for C16/C18 (60/40) MES + nonionic surfactants
systems (Fig. 5a and 5b) using the nonlinear regression model, C18,
sat(y18,sat,CS), with only one parameter, y18,sat, given by the solution
of Eq. (3.7) and obtained y18,sat = 0.145 ± 0.003 in the case of Glu-
copon and y18,sat = 0.068 ± 0.003 for Pareth-7 (solid lines therein).
From the saturation mole fraction, y18,sat, one calculates the micel-
lar constants, K18,mic = S18/y18,sat (see Tables 1 and 2). As must be
ation concentrations, C16,sat and C18,sat, versus the cosurfactant concentration, CS, for



Table 2
Micellar constants of Cn-MES, Glucopon, and Pareth-7 at 5 �C.

KS,mic (mM) y16,sat K16,mic (mM) y18,sat K18,mic (mM)

Glucopon 1.55 0.285 ± 0.001 2.44 0.145 ± 0.003 1.47
Pareth-7 0.055 0.132 ± 0.002 5.27 0.068 ± 0.003 3.13
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true, Fig. S3 in the Supplementary material shows that the calcu-
lated from Eqs. (3.5) and (3.6) values of the free C16-MESmonomer
concentrations, c16, are less than the solubility of C16-MES, S16, for
all studied C16/C18 (60/40) MES + nonionic surfactants systems.

To prove the validity of our assumption, we consider the exper-
imental data for MES saturation concentrations in the case of C16/
C18 (80/20). Because of the large enough weight fraction of C16-
CMES (see Section 5), the abrupt increase in absorbance versus
MES concentration curve corresponds to the saturation concentra-
tion of C16-MES. Hence: A1 is C16-MES; A2 is C18-MES; KA2,mic is
K18,mic (Table 2); yA1,sat is y16,sat (Table 2); Eq. (3.7) predicts the sat-
uration concentration, C16,sat. There are no unknown parameters
and one can draw the dashed lines in Fig. 5a and 5b. The perfect
agreement between the experimental values of C16,sat and the pre-
dicted saturation concentrations manifests the validity of the
obtained micellar parameters and the ideality of the mixing of all
components in micelles. The calculated values of the monomer
concentrations, c18, are shown in Fig. S4. For all studied C16/C18
(80/20) MES + nonionic surfactants systems, we obtained that
c18 < S18 and C18-MES does not form crystals in these micellar
solutions.

To check the reversibility of crystal formation, all solutions
(transparent and turbid) were heated up to 40 �C for one hour
and subsequently cooled down to 25 �C. As a result all solutions
become transparent. We repeated the experimental procedure
described in Section 2 using these solutions and obtained the same
values of the saturation concentration, CA,sat, given in Tables S1 and
S2. Hence, the obtained physicochemical parameters in Tables 1
and 2 correspond to the equilibrium reversible thermodynamic
processes.

4. Phase diagrams for C16-MES and C18-MES in nonionic
micellar surfactant solutions

4.1. Theoretical model and construction of phase diagrams

The theoretical model for the phase diagrams for fatty acids and
alcohols in micellar surfactant solutions is reported in Refs. [30,31].
Below we apply this model to construct the respective phase dia-
grams for C16-MES and C18-MES. The phase diagrams have four
domains (Fig. 6). In the ‘‘molecular solution” domain, the solution
contains only monomers of components A (C16-MES or C18-MES)
and S (nonionic surfactant). In the region ‘‘crystals”, MES-crystals
coexist with the monomers of components A and S. Oppositely in
the domain ‘‘micelles”, mixed micelles and monomers are present
(without MES crystals). Finally, the domain, in which all of the
forms (monomers, mixed micelles and MES precipitates) coexist,
is denoted as ‘‘micelles + MES-crystals”. The boundaries between
these domains define four phase separation lines, which intersect
into quadruple point Q. It is convenient to plot the phase diagrams
in terms of the total input species concentration, CT, and the input
mole fraction of MES, zA = CA/CT. Below we briefly summarize the
model equations for the phase separation lines.

The D-line, (molecular solution)/micelles, describes the critical
micelle concentration of mixtures, CMCM, and CT = CMCM:

CT ¼ CMCM ¼ yAKA;mic þ ð1� yAÞKS;mic ; zA ¼ yAKA;mic=CT ð4:1Þ
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where the mole fraction, yA, varies from 0 to yA,sat (Table 2). For
yA = 0, one obtains the CMC of the nonionic surfactant. The coordi-
nates (CT,Q, zA,Q) of quadruple point Q correspond to the MES satu-
ration mole fraction, that is yA = yA,sat in Eq. (4.1). The total
concentration, CT,Q, defines the CMC of the solution at MES satura-
tion, CMCM,sat.

Along the C-line, (molecular solution)/crystals, the MES concen-
tration, cA = CA, is equal to the solubility limit in pure water, SA
(Table 1):

zA ¼ SA=CT for SA 6 CT 6 CT;Q ð4:2Þ
Along the A-line, micelles/(micelles + MES-crystals), the free

MES monomer concentration is equal to the solubility limit, SA
(Table 1), and the micellar mole fraction of MES is equal to the sat-
uration one, yA,sat (Table 2). Hence, Eq. (3.4) is represented in terms
of CT as follows:

zA ¼ yA;sat þ
yA;sat
CT

ð1� yA;satÞðKA;mic � KS;micÞ ð4:3Þ

for CT � CMCM,sat. In fact, our experimental data for C16-MES lie on
this phase separation line, see the symbols (circles) in Fig. 6a and 6c.

The B-line separates the MES crystals and the micelles + MES
crystals phases. Along this line, the micellar mole fractions of com-
ponents are yA = yA,sat and yS = 1 � yA,sat. Thus the respective non-
ionic surfactant concentration is CS = (1 � yA,sat)KS,mic and the MES
concentration is SA. As a result:

CT ¼ ð1� yA;satÞKS;mic þ SA ) zA ¼ 1� CMCM:sat � SA
CT

ð4:4Þ

for CT � CMCM,sat.
The calculated phase diagrams for individual C16-MES and C18-

MES in Glucopon and Pareth-7 solutions are shown in Fig. 6. The
following general conclusions can be drawn. Because of the lower
solubility of C18-MES in water, the regions with turbid solutions
are wider than those for C16-MES. Note that this conclusion is
not trivial, because K16,mic > K18,mic so that for equal values of yA,
the monomer concentration of C16-MES is larger than that of
C18-MES but the solubility of C16-MES is also larger. The ratios,
K16,mic/K18,mic, are equal to 1.66 and 1.68 for Glucopon and
Pareth-7 (Table 2), respectively, while the ratio between S16/S18
is 3.26 (Table 1). Hence the effect of the larger solubility of C16-
MES dominates. The saturation micellar mole fractions of MES in
Pareth-7 are considerably lower than those in Glucopon (Table 2),
i.e. Pareth-7 is unable to incorporate as many MES molecules in
micelles. This corresponds to wider turbidity regions and narrower
regions with MES crystals without micelles in the case of Pareth-7
compared to Glucopon.

4.2. Verification of the phase diagram

The phase diagrams can be verified by measuring properties of
the surfactant solutions, which exhibit kinks or jumps when cross-
ing the boundaries between the phase domains. For example, the
experimental points (circles) on the A-line in Fig. 6a and 6c corre-
spond to the kinks of absorbance.

To check also the B and C lines in Fig. 6a, we measured the elec-
trolytic conductivity of the respective surfactant solutions at fixed
zA = 0.8 and 0.7 (two horizontal cross-sections of the phase dia-



Fig. 6. Phase diagrams of C16-MES in (a) Glucopon and (c) Pareth-7 micellar solutions. Phase diagrams of C18-MES in (b) Glucopon and (d) Pareth-7 micellar solutions. The
symbols are experimental points, which were measured to verify the phase diagram.
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gram). The B-line of a phase diagram (Fig. 6a) separates the
domains with crystallites and crystallites + micelles. The appear-
ance/disappearance of the mixed micelles (which contain anionic
surfactant) at the B-line leads to a kink in conductivity (Supple-
mentary material, Fig. S5). Likewise, the disappearance of the crys-
tallites of the ionic surfactant (which maintain almost constant the
bulk concentration of this component) at the C-line leads to
another kink in conductivity (Fig. S5). The observed kinks in con-
ductivity (triangles in Fig. 6a) are in a very good agreement with
the calculated B and C lines of the phase diagram.

The points (triangles) in Fig. 6c are experimental data obtained
in a similar way (for details, see the Supplementary material,
Figs. S6 and S7). In this case, the experimental points are again in
an excellent agreement with the calculated phase boundary lines.
5. Phase diagrams for three component micellar surfactant
solutions

The general phase diagrams for two partially soluble compo-
nents, A1 and A2, in micellar surfactant, S, solutions have complex
shapes. The simplest case is the following: components A1 and A2
cannot form mixed precipitates; the mixing of the three compo-
nents in micelles is ideal with micellization constants KA1,mic, KA2,

mic, and KS,mic, respectively. The solubility limits of components
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A1 and A2 in pure water are denoted by SA1 and SA2. The input con-
centrations of species are CA1, CA2, and CS.

In terms of the total concentration, CT = CA1 + CA2 + CS, and the
mole fractions of the partially soluble components, zA1 = CA1/CT
and zA2 = CA2/CT, the phase diagrams are 3D and their visualization
is qualitative. For that reason, it is convenient to use 2D quantita-
tive plot of the cross-sections at given molar (weight) ratio
between components A1 and A2. Hence the respective cross-
section can be presented in terms of the total input mole fraction
of partially soluble components, zA = zA1 + zA2, and total concentra-
tion CT.

We define the molar ratio of the two components in MES mix-
ture, k:

k � CA1

CA2
¼ zA1

zA2
; zA1 ¼ kzA

1þ k
; zA2 ¼ zA

1þ k
ð5:1Þ

At the D-line, (molecular solution)/micelles, all components are
in a molecular form (Figs. 7 and 6). The total concentration is equal
to the CMC of the nonionic surfactant for zA = 0. With the increase
of zA, the concentration of one of the components in the MES mix-
ture reaches the solubility limit. Thus the simple rule for the order-
ing of MES components is the following. The first MES component
is that, which satisfies the inequality:

k ¼ CA1

CA2
>

SA1
SA2

ð5:2Þ



Fig. 7. Phase diagrams of (a) C16/C18 (80/20) MES and (b) C16/C18 (60/40) MES in Glucopon micellar solutions.
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From Eq. (5.2), one obtains that: a) for the mixture C16/C18
(80/20) MES + nonionic surfactant, the first component is C16-
MES; b) for the mixture C16/C18 (60/40) MES + nonionic surfac-
tant, the first component is C18-MES, see Supplementary material.

5.1. Phase separation lines and quadruple points

Line D: (molecular solution)/micelles boundary. At this phase sep-
aration boundary all components are in a molecular form and the
conditions for the chemical equilibrium between micellar and bulk
phases read:

CS ¼ KS;micyS ; CA1 ¼ KA1;micyA1 6 SA1 ; CA2 ¼ KA2;micyA2
< SA2 ð5:3Þ

where 0 � yA1 � yA1,sat. From Eqs. (5.1) and (5.3), one obtains the
following expressions for yS and yA2:

yA2 ¼ KA1;micyA1
KA2;mick

; yS ¼ 1� yA1 �
KA1;micyA1
KA2;mick

ð5:4Þ

Eqs. (5.1), (5.3) and (5.4) suggest describing line D in a paramet-
ric form with respect to yA1. The expression for the critical micelle
concentration of the mixture, CT = CMCM, is:

CTðyA1Þ ¼ KS;mic þ ðKA1;mic � KS;micÞyA1 þ ðKA2;mic � KS;micÞ

� KA1;micyA1
KA2;mick

ð5:5aÞ

and that for the input MES mole fraction, zA, reads:

zAðyA1Þ ¼
KA1;micð1þ kÞ

CTk
yA1 ð5:5bÞ

where 0 � yA1 � yA1,sat. One sees that in the case of one MES com-
ponent, A1, one has k ? 1 and Eqs. (5.5a) and (5.5b) are reduced to
Eq. (4.1).

This phase separation line (Figs. 7 and 8) finishes at the first
quadruple point, Q1, at which the A1 precipitate appears and yA1 =-
yA1,sat. Hence coordinates (CT,Q1, zA,Q1) of point Q1 are calculated
from Eqs. (5.5a) and (5.5b), in which one substitutes yA1 = yA1,sat.

Line C1: (molecular solution)/(A1-crystals) boundary. The A1-
crystals appear the first and the concentration of A1 is equal to
the solubility limit, CA1 = SA1 and zA1 = SA1/CT, at line C1 (Figs. 7
and 8). Using the definition, Eq. (5.1), one arrives to the equation
describing this phase separation line:
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zA ¼ 1þ k
k

SA1
CT

for
1þ k
k

SA1 6 CT 6 CT;Q1 ð5:6Þ

Line A1: micelles/(micelles + A1-crystals) boundary. This line sep-
arates the domain with micelles and that with micelles and A1-
crystals. The A1 phase separation line starts from the first quadru-
ple point, Q1. Note that the number of all molecules incorporated
in the micellar phase, cmic, is equal to zero at point Q1. It is conve-
nient to describe line A1 in a parametric form with respect to cmic.
The equations describing the chemical equilibrium and mass con-
servation along line A1 are Eqs. (3.5) and (3.6).

From Eq. (5.1), we represent the mass balance equations, Eq.
(3.6), in the following form:

CA1 ¼ zA1CT ¼ SA1 þ yA1;satcmic ) zACT

¼ 1þ k
k

ðSA1 þ yA1;satcmicÞ ð5:7aÞ

CA2 ¼ zA2CT ¼ cA2 þ yA2cmic ) zACT

¼ ð1þ kÞðKA2;mic þ cmicÞyA2 ð5:7bÞ

CS ¼ ð1� zAÞCT ¼ cS þ yScmic ) ð1� zAÞCT

¼ ðKS;mic þ cmicÞyS ð5:7cÞ
Using the identity, yA1,sat + yA2 + yS = 1, one eliminates yS from

Eq. (5.7c) and solves the obtained system of equations to derive
the parametric representation of the equations describing line A1:

yA2ðcmicÞ ¼
SA1 þ yA1;satcmic

kðKA2;mic þ cmicÞ ð5:8aÞ

CTðcmicÞ ¼ ðKS;mic þ cmicÞð1� yA1;satÞ þ ½ð1þ kÞKA2;mic

� KS;mic þ kcmic�yA2 ð5:8bÞ

zAðcmicÞ ¼ 1þ k
k

SA1 þ yA1;satcmic

CT
ð5:8cÞ

for cmic � 0 (Figs. 7 and 8). For one MES component, A1, k ? 1
and Eqs. (5.8) are simplified to the result given by Eq. (4.3).

Line B1: A1-crystals/(micelles + A1-crystals) boundary. For this
line: yA1 = yA1,sat; the line starts from the first quadruple point,
Q1, where yA2 = yA2,Q1, and ends at the second quadruple point,
Q2, where yA2 = yA2,sat. Hence the most convenient parametric form



Fig. 8. Phase diagrams of (a) C16/C18 (80/20) MES and (b) C16/C18 (60/40) MES in Pareth-7 micellar solutions.
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of line B1 is CT(yA2) and zA(yA2). From Eq. (5.4) written at the first
quadruple point, yA1 = yA1,sat, one calculates:

yA2;Q1 ¼ KA1;micyA1;sat
KA2;mick

< yA2;sat ð5:9Þ

Note that the inequality, Eq. (5.9), is equivalent to the rule of
ordering of components A1 and A2 given by the inequality, Eq.
(5.2). At the B1-line, the equations following from the chemical
equilibrium between micellar and bulk phases read:

CS ¼ KS;micyS ; SA1 ¼ KA1;micyA1;sat ; CA2 ¼ KA2;micyA2 6 SA2 ð5:10Þ
From Eqs. (5.1) and (5.10) one derives:

CS ¼ ð1� zAÞCT ¼ KS;micð1� yA1;sat � yA2Þ ; CA2 ¼ zA
1þ k

CT

¼ KA2;micyA2 ð5:11Þ
The solution of the system of equations, Eq. (5.11), leads to the

parametric definition of the line B1:

CTðyA2Þ ¼ ð1þ kÞKA2;micyA2 þ KS;micð1� yA1;sat � yA2Þ ð5:12aÞ

zAðyA2Þ ¼ ð1þ kÞyA2
KA2;mic

CT
ð5:12bÞ

for yA2,Q1 � yA2 � yA2,sat. The coordinates (CT,Q2, zA,Q2) of the second
quadruple point, Q2, are calculated from Eqs. (5.12) with yA2 = yA2,sat
(Figs. 7 and 8).

The main difference between the phase diagrams of one- and
those of two-component partially soluble species, is that for two
components, there are domains with two precipitates (A1-
crystals and A2-crystals). These crystals can coexist with molecular
forms of all species (A1-crystals + A2-crystals domain) or with
micelles and free monomers (A1-crystals + A2-crystals + micelles
domain). For simplicity, we denote these regions as A1-A2-
crystals and micelles + A1-A2-crystals (Figs. 7–9). These two new
domains are separated by three additional boundaries in the phase
diagrams.

Line C2: A1-crystals/A1-A2-crystals. The precipitates of A2 appear
at line C2, so that CA2 = SA2. From Eq. (5.1), one represents concen-
tration CA2 in terms of zA and CT and obtains: zA = (1 + k)SA2/CT. One
sees from Eq. (5.6) that C2-line: is parallel to the C1-line; is shifted
to the right with respect to the total concentration. The total con-
centration, CT, changes from (1 + k)SA2 to abscise CT,Q2 of the
quadruple point Q2.
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Line A2: (micelles + A1-crystals)/(micelles + A1-A2-crystals)
boundary. At line A2, the expressions for the chemical equilibrium
applied to both components A1 and A2 define their saturation
mole fractions in micelles: SA1 = KA1,micyA1,sat; SA2 = KA2,micyA2,sat.
Hence yS = 1 � yA1,sat � yA2,sat. The mass conservation equation
for the A2-component gives possibility to obtain the total number
of molecules in micelles per unit volume, cmic:

CA2 ¼ SA2 þ yA2;satcmic ) cmic ¼ CA2 � SA2
yA2;sat

ð5:13aÞ

Respectively, for the nonionic surfactant, one obtains the
relationships:

cS ¼ KS;micyS ; CS ¼ cS þ yScmic ¼ ðKS;mic þ cmicÞyS ð5:13bÞ
The elimination of cmic from Eqs. (5.13a) and (5.13b) leads to the

following formula:

yA2;satCS ¼ ðyA2;satKS;mic þ CA2 � SA2ÞyS ð5:13cÞ
Finally, from Eqs. (5.1) and (5.13c), we obtain the following

explicit dependence of zA on CT:

zA ¼ ð1þ kÞyA2;sat
1� yA1;sat þ kyA2;sat

� ð1þ kÞyA2;satð1� yA1;sat � yA2;satÞ
1� yA1;sat þ kyA2;sat

� KS;mic � KA2;mic

CT
ð5:14Þ

for CT � CT,Q2.
Line B2: A1-A2-crystals/(micelles + A1-A2-crystals) boundary.

Along this line, Eq. (5.13b) with cmic = 0 is valid and yS = 1 � yA1,sat-
� y

A2,sat
. Hence from the definition of parameters, Eq. (5.1), one

derives the relationship:

zA ¼ 1� ð1� yA1;sat � yA2;satÞ
KS;mic

CT
ð5:15Þ

valid for CT � CT,Q2.

5.2. Numerical results and discussion

Following the proposed theoretical model, we calculated the
positions of the phase separation lines and quadruple points in
the phase diagrams of C16/C18 (80/20) MES and C16/C18 (60/40)
MES in Glucopon micellar solutions (Fig. 7). All needed physico-
chemical parameters are summarized in Tables 1 and 2. The sym-
bols in Fig. 7 correspond to the experimental points from Fig. 5b.



Fig. 9. Enlarged view of the domains around the quadruple points of the phase diagrams of (a) C16/C18 (80/20) MES and (b) C16/C18 (60/40) MES in Pareth-7 micellar
solutions.
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One sees that the first precipitate, which is formed for C16/C18
(80/20), is that of C16-crystals (Fig. 7a). With the increase of the
amount of added MES, the solutions become more turbid because
of the simultaneous appearance of the second (C18-crystals) pre-
cipitates. The decrease of C16-MES in the mixture, C16/C18
(60/40), changes the order of the appearance of MES-crystals
(Fig. 7b). Because of the lower solubility of C18-MES in pure water,
the region of turbid solutions is considerably wider for 60/40 than
that for 80/20. For CT > 2 mM, the solutions containing C16/C18
(80/20) are clear with the decrease of zA from 48% to 35% and
the rise of the total concentration, CT. While for C16/C18 (60/40)
this increases from 33% to 38% with the rise of CT.

The calculated phase diagrams of MES mixtures in Pareth-7
micellar solutions are shown in Fig. 8. The symbols therein corre-
spond to experimental data from Fig. 5b. From one side, the CMC
of Pareth-7 is considerably lower than that of Glucopon and at
the same concentrations the Pareth-7 solutions contain more
micelles. Nevertheless, the turbidity region in Fig. 8 is wider than
that in Fig. 7, because of the lower saturation mole fractions of
MES in Pareth-7 micelles (Table 2). The ordering of the domains
in phase diagrams is the same as that for Glucopon micellar solu-
tions. The positions of the quadruple points are close to each other,
which results in narrow domains with one type of MES crystals. It
is interesting to note that for CT > 100 mM, the clear micellar zone
is observed for close values of zA, < 16% for C16/C18 (80/20)
and < 18% for C16/C18 (60/40). The domains containing C16-C18-
crystals are wider for C16/C18 (60/40) compared to those for
C16/C18 (80/20).

Fig. 9 shows the enlarged view of Fig. 8 around the quadruple
points of the respective phase diagrams. The positions of points
Q2 in Fig. 9a and 9b are very close to each other with coordinates
(1.17, 0.962). Hence the domains containing C16-C18-crystals
around quadruple point Q2 practically coincides. The quadruple
point, Q1, has coordinates (0.901, 0.950) for C16/C18 (80/20) and
(0.604, 0.921) for C16/C18 (60/40). The smaller concentration dif-
ference between Q1 and Q2 is another indication that the domains
containing individual C16-crystals around point Q1 in Fig. 9a are
narrower than those containing individual C18-crystals in Fig. 9b.
6. Conclusions

Below the Krafft point the Cn-MES are partially soluble in pure
water and their solubility limits decrease considerably with the
decrease of temperature [29]. From the precise measurements of
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the light adsorption of Cn-MES and their mixtures in water at
5 �C, we obtained new data for the solubility limits, Sn, for
n = 14, 16, and 18, Table 1. The logarithm of Sn becomes a linear
function of the number of carbon atoms in the alkyl chain, which
allows prediction of the solubility limit of C12-MES, Fig. 4. The
important experimental observation is that in all mixtures, C16-
MES and C18-MES do not formmixed crystals – the first precipitate
appears for that MES, for which the respective solubility limit is
reached with the increase of concentration. Based on this conclu-
sion, we formulated a simple rule for the ordering of MES precipi-
tates in mixtures, see Eq. (5.2).

An efficient way to increase the solubility of poorly water-
soluble drugs, fatty alcohols and acids [30,31,33,34] is to incorpo-
rate their molecules in the micelles. Here, the considerable
increase of the solubility of MES is realized in the presence of non-
ionic surfactant micelles because of the effective incorporation of
MES molecules in the micellar phase. The capacity of Glucopon
and Pareth-7 micelles is characterized by the saturation mole frac-
tion of MES, yn,sat, in micelles. From the experimental data, Fig. 5
and Supplementary material, we obtained the respective micellar
constants for C16- and C18-MES in both nonionic surfactant
micelles, Table 2. The micelles of Glucopon show about two times
greater capacity than those of Pareth-7 (1.97 times for C16-MES
and 1.94 – for C18-MES).

The determined complete set of physicochemical parameters
enabled us to calculate and construct quantitative phase diagrams
for mixed MES and micellar surfactant solution. For one partially
soluble component (C16- and C18-MES), these diagrams are calcu-
lated in Fig. 6 using the theory developed in Refs. [30,31]. For
mixed C16/C18 MES solutions the phase diagrams become 3D
and their quantitative representation is possible for a given molar
ratio of MES components in the mixture. A new theory for two par-
tially soluble components and one soluble surfactant solutions is
proposed in Section 5. The obtained results manifest the formation
of six domains in the phase diagram (Figs. 7–9): molecular solu-
tions; molecular solutions with one and two precipitates; micellar
solutions coexisting with monomers of components; micellar solu-
tions with one and two precipitates. These domains are separated
by seven phase separation lines, which intersect in two quadruple
points. The coordinates of all phase separation lines, the CMC of
mixtures, and quadruple points are calculated numerically.

The results may contribute to understanding, quantitative
interpretation and prediction of phase diagrams of mixed micellar
solutions when the Krafft temperatures of respective components
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are considerably different. The new theoretical approach upgrades
the available models in the literature [30,31,35].
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