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a b s t r a c t

Here, we investigate the coexistence of surfactant micelles and acid-soap crystallites in solutions of
potassium myristate (n-tetradecanoate) to determine the micelle composition and charge, and the stoi-
chiometry of the acid soaps. We carried out parallel pH, conductivity, and solubilization measurements,
which indicate that micelles are present in the potassium myristate solutions at the higher concentrations,
in contrast with the results for sodium myristate, where no micelles were detected at room temperature.
Theoretical expressions describing the concentration dependences of conductivity and pH of the micellar
carboxylate solutions are derived. Diagrams, showing the concentrations of all species in the solution,
are constructed. The comparison of theory and experiment indicates that the undissociated fatty acid is
incorporated in acid-soap crystallites, i.e. it behaves as initiator of crystallization. The rest of dissolved
carboxylate forms micelles that are composed only of carboxylate anions and bound potassium counte-
rions. Above 2–3 times the critical micellization concentration (CMC), the main mass of the carboxylate
is in micellar form, despite the presence of coexisting acid-soap crystallites. Surface tension isotherms
are obtained and interpreted on the basis of the results for the bulk composition. The adsorption layer is
composed mostly of fatty acid and 1:1 acid-soap molecules. Not only the appearance of micelles, but also
the change in the stoichiometry of the acid soaps in the solution leads to kinks, and even jumps, in the
surface tension isotherm. The results for acid-soap stoichiometry have been confirmed by independent
analysis of crystals collected from the solutions.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Potassium and sodium carboxylates with 12–18 carbon atoms,
i.e. laurates (C12), myristates (C14), palmitates (C16) and stearates
(C18), have found broad applications in personal-care and house-
hold detergency: in soap bars; cleaning products; cosmetics; facial
cleaners; shaving creams and deodorants [1–3]. As known, the
aqueous solutions of such carboxylate soaps are turbid because of
the light scattering from micrometer-sized crystallites. The reason
for the appearance of crystallites in these solutions is the sponta-
neous protonation of the carboxylate anion and the formation of
undissociated fatty acid [4]:

Z− + H2O ↔ HZ + OH− (1.1)

Here and hereafter, we are using the notations in the basic paper
by Lucassen [4], viz. Z− is the carboxylate anion, and HZ is undis-

∗ Corresponding author. Tel.: +359 2 8161262; fax: +359 2 9625643.
E-mail address: pk@lcpe.uni-sofia.bg (P.A. Kralchevsky).

sociated carboxylic (fatty) acid. The carboxylic acids with 12 and
more carbon atoms have very low solubility in water. For this rea-
son, their production in the above reaction leads to the precipitation
of HZ micro-crystallites. The release of OH− anions in this reaction
leads to the increase in the solution’s pH. At higher carboxylate
concentrations, the fatty acid initiates the formation of acid-soap
complexes [5–16]:

jHZ + nZ− + nM+ ↔ (HZ)j(MZ)n (1.2)

where M+ is the metal counterion (K+ or Na+). At room temperature,
the acid-soap molecules are insoluble in water, so they also form
crystallites. The physical reason for the appearance of acid-soap
complexes is the formation of a hydrogen bond between the fatty
acid (HZ) and neutral soap (MZ) molecules [9–14]. The formation
of 1:1 acid soap, (HZ)1(MZ)1, seems to be the most natural result
of precipitation. However, the experiments show that the acid-soap
crystallites can have different stoichiometry: j:n = 1:1; 1:2; 2:1; 3:2,
4:1, etc. [3,9–11,15–17].

The spontaneous formation of fatty acid (HZ) molecules in the
carboxylate solutions has one additional consequence: HZ adsorbs

0927-7757/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2009.06.031
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Fig. 1. Plot of the electrolytic conductivity, �, vs. the total concentration, ct , of NaMy
solutions. In the zone without NaMy crystallites, the conductivity increases linearly
with ct . In the zone of two-phase precipitate, NaMy + 1:1 acid-soap, the conductivity
levels off. The “horn” of the graph is due to supersaturation. The extrapolation of the
plateau (the dashed line) gives the threshold concentration for MZ precipitation:
ct ≈ 6.5 mM.

at the solution’s surface, where it forms clusters [18,19] and causes
surface phase transitions [20–23]. For this reason, HZ strongly
enhances the surface rheology, as well as the rheology of the foams
formed from carboxylate solutions, which has found applications
for the production of foams with finely dispersed bubbles [24,25].

In a preceding paper [17], we investigated solutions of sodium
laurate (NaL) and sodium myristate (NaMy) and developed a
method for investigation of the stoichiometry of the acid soaps
formed in these solutions at various concentrations by analysis of
pH data. For example, at 25 ◦C and at the lowest concentrations
of NaMy we detected the formation of HZ crystallites; at higher
NaMy concentrations, we observed the consecutive formation of
4:1 and 1:1 acid soaps. Finally, at the highest concentrations, the
1:1 acid-soap crystallites coexisted with neutral-soap (MZ) crys-
tallites. The coexistence of two solid phases (HZ)1(MZ)1 and MZ
crystallites, leads to a system with zero thermodynamic degrees
of freedom [4], i.e. the concentrations of all ionic species in these
solutions, and their pH, become independent of the total input car-
boxylate concentration, ct. In particular, after the appearance of the
second precipitate, i.e. the MZ (NaMy) crystallites, the electrolytic
conductivity, �, of the solutions becomes constant (independent of
ct) (see Fig. 1). The formation of NaMy crystallites instead of NaMy
micelles means that the working temperature, 25 ◦C, is below the
Krafft temperature for NaMy.

We measured also the electrolytic conductivity of potassium
myristate (KMy) solutions. The results for three temperatures, 10,
25 and 40 ◦C, are shown in Fig. 2a. One sees that the �-vs.-ct curves
have a kink at around ct ≈ 10 mM, and after that � continues to
increase, but with a smaller slope of the experimental dependence.
Such behavior is typical for solutions in which micelles are formed
above a certain surfactant concentration [17,26–28]. In particular,
the kink corresponds to the critical micellization concentration
(CMC). Hence, the KMy solutions (unlike the NaMy solutions) are
above the Krafft temperature, even at 10 ◦C. In the micellar solu-
tions of KMy, we observe also crystallites (of acid soap – see below)
that coexist with the micelles.

Our goal in the present article is to investigate the coexistence
of surfactant micelles and acid-soap crystallites in the solutions of
KMy. This includes the determination of the amounts of myristate
incorporated in micelles and in acid-soap crystallites; determina-
tion of the micelle composition and charge, and the stoichiometry of
the acid soap. The effect of temperature, 40 ◦C vs. 25 ◦C, as well as the
effects of added myristic acid (HZ) and inorganic electrolyte (KCl),
are also examined. The development of theoretical model allows us

Fig. 2. Experimental results for solutions of KMy. (a) Electrolytic conductivity, �, vs.
the total carboxylate concentration, ct , at 10, 25 and 40 ◦C. (b) pH vs. ct at 25 and
40 ◦C. (c) Rate of solubilization of n-decane vs. ct at 25 and 40 ◦C.

to determine the concentrations of all species in the solutions, and
afterwards to interpret their surface tension isotherms.

The paper is organized as follows. In Section 2, we present the
experimental materials, methods and results. In Section 3, the the-
ory of precipitation in carboxylate soap solutions in the presence
of HZ additive below the CMC is outlined. Section 4 is dedicated
to the theory of carboxylate solutions with coexisting micelles and
crystallites. In Section 5, theory and experiment are compared and
interpretation of the data is proposed. Finally, the results and con-
clusions are summarized in Section 6.
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2. Experimental

2.1. Materials

Solutions of potassium myristate (KMy) were prepared by using
two different procedures. Procedure 1: KMy solutions were obtained
by dissolving stoichiometric amounts of myristic acid (HMy, Fluka,
98% pure) and potassium hydroxide (KOH, Teokom, pure for analy-
sis) at 60 ◦C, and stirring for 30 min. Then, the solutions were cooled
down to 25 ◦C. Procedure 2: The same as Procedure 1, but commer-
cial KMy (producer Viva Corporation) was dissolved.

In some experiments (Procedure 1), the amount of KOH was
87.5 mol% of that needed for full neutralization of HMy. The
obtained solutions contain 87.5 mol% KMy and 12.5 mol% HMy.
Thus, we checked the effect of added HMy on the precipitates in
the investigated solutions. In other experiments, KCl (product of
Sigma) was added to the solutions.

The working solutions for conductivity analysis were prepared
by dissolving corresponding amounts of the collected crystallites
at 60 ◦C to obtain a solution of a given concentration. Finally, the
solutions were cooled down to the working temperature of 25 or
40 ◦C, and their pH and electrolytic conductivity, �, were measured.

In a comparative series of conductivity measurements (Fig. 1),
we used sodium myristate, NaMy, >99% pure (product of TCI, Tokyo,
Japan). The NaMy solutions were also prepared at 60 ◦C by stirring
for 30 min, and afterwards cooled to 25 ◦C.

All solutions were prepared by water that had been initially
deionized (Milli Q 185 plus, Millipore, USA). Before the measure-
ments of pH and electric conductivity, all solutions have been kept
for 24 h at the working temperature to attain equilibrium between
the solution and the forming crystallites.

2.2. Methods

The pH of the solutions was measured (pH-meter, Oakton
Instruments, IL, USA) as a function of the total concentration of car-
boxylate, ct. The temperature was kept 25 ◦C, except one series of
measurements at 40 ◦C.

The electric conductivity of the solutions vs. ct was measured by
means of a conductivity-meter, Denver Instruments, USA. The tem-
perature was 25 ◦C, except two series of comparative measurements
at 10 and 40 ◦C.

The rate of solubilization was measured by means of the device
described in references [29,30]. Drops of n-decane of initial size
30–40 �m were injected by a micropipette in a horizontal capillary
loaded with the investigated solution. The radius of the diminish-
ing drop of n-decane is a linear function of time, R = R(t) [30]. The
solubilization rate, dR/dt, is determined as a function of the input
concentration of KMy.

The solutions’ surface tension, �, was measured by means of the
Wilhelmy-plate method (tensiometer Krüss 10ST).

2.3. Experimental results and preliminary discussion

2.3.1. Solutions of potassium myristate (KMy)
Here and hereafter, ct is the total input concentration of car-

boxylate, which includes the dissolved species (such as Z−), the
carboxylate in micellar form and in the precipitated crystallites.
Fig. 2a shows experimental data for the electrolytic conductivity
of KMy solutions at three temperatures: 10, 25 and 40 ◦C. At each
temperature, the experimental curve has two linear portions with
a kink at about ct = 10 mM, which corresponds to the critical micel-
lization concentration (CMC). The slope of the �-vs.-ct dependence
is smaller at the greater concentrations, on the right of the kink.
As mentioned above, such behavior of conductivity indicates the
formation of surfactant micelles at ct > 10 mM.

Fig. 2b shows the pH of the KMy solutions measured at 25 and
40 ◦C. Both curves exhibit a kink close to ct = 10 mM. Detailed anal-
ysis and interpretation of the pH data is given in Section 5.1. Fig. 2c
shows experimental results for the solubilization rate vs. ct. The
fact that solubilization is observed at ct > 10 mM, confirms the indi-
cations from Fig. 2a and b that micelles are present in the KMy
solutions for ct > 10 mM. The increase of the solubilization rate with
ct is due to the rise of micelle concentration [30,31]. Because the
micelles and the oil drops are similarly charged, they repel each
other. In such case, the micelles cannot directly contact the oil drops.
Instead, the mechanism of solubilization is related to the ability of
the micelles to engulf oil molecules dissolved in water [29–31]. The
greater solubilization rate at 40 ◦C (Fig. 2c) can be explained with
the faster dissolution of oil from the drops at 40 ◦C, in comparison
with 25 ◦C.

At T = 25 ◦C, the direct observations show the following. At
ct ≤ 2.5 mM, the solutions are clear; no sedimentation of precipi-
tates is observed. However, the microscopic observations show that
fine elongated crystallites are dispersed in these solutions (Fig. 3a).
At 2.5 ≤ ct ≤ 40 mM, the solutions become turbid and many small
plate-like crystallites are observed. In some experiments, these
crystallites could grow bigger and form sediment. At 5 ≤ ct ≤ 10 mM
these crystallites look thinner and have irregular edges, whereas
at 10 < ct < 40 mM the crystallites look thicker and have straight
edges (Fig. 3b). Surprisingly, at ct ≥ 40 mM the solutions look clean;
however, by dynamic-light-scattering (DLS) we detected a strong
signal of scattered light, which is much stronger than that pro-

Fig. 3. Photographs of crystallites observed in solutions of KMy at two concentra-
tions denoted in the figures; T = 25 ◦C; no added KCl. (a) ct = 0.05 mM; (b) ct = 25 mM.
The reference mark is 20 �m.
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duced by micellar solutions. The latter fact indicates the presence
of dispersed submicrometer crystallites.

At T = 40 ◦C, the direct observations give similar results: At
ct < 5 mM, the solutions look clear, but by microscope one
could observe the presence of separate small crystallites. At
5 ≤ ct ≤ 40 mM, the solutions are turbid and many small crystal-
lites could be seen. At ct ≥ 40 mM the solutions look clean, but they
strongly scatter light when investigated by DLS. Some of the latter
solutions, after storage for a longer time (1 week), become turbid
and micrometer-sized crystallites can be seen.

2.3.2. Solutions of 87.5 mol% KMy and 12.5 mol% HMy
In this case, ct denotes the total carboxylate concentration,

which includes 87.5 mol% KMy and 12.5 mol% HMy. The respec-
tive solutions are visibly more turbid than those without HMy (see
above). Fig. 4a shows experimental data for the conductivity of KMy
solutions at two concentrations of added KCl: 0 and 100 mM. Each
of the two conductivity vs. ct curves exhibits a kink, which cor-
responds to ct ≈ 13 and 5 mM, respectively, for the solutions with
0 and 100 mM KCl. Approximately, at the same values of ct one
observes kinks in the dependence of pH on ct (see Fig. 4b). For
0.4 < ct < 13 mM there is a significant difference between the pH(ct)
for 0 and 100 mM KCl. At higher concentrations, both dependen-
cies reach a plateau, which is slightly higher for the solutions with
100 mM KCl (Fig. 4b). The jump-wise change in the pH of the latter
solutions at ct ≈ 0.4–0.5 mM can be explained with a change in the
stoichiometry of the acid-soap crystallites in these solutions (see
Section 5.3).

The solubilization data in Fig. 4c show that the solutions sol-
ubilize oil in the concentration regions above the kinks in Fig. 4a,
which correspond to the plateaus in Fig. 4b. The latter fact indicates
the presence of surfactant micelles in the aforementioned concen-
tration regions, where we observe also crystallites. In other words,
the crystallites, like these in Figs. 5b and 6b, coexist with optically
invisible micelles.

In the case without added KCl, for 2 < ct < 13 mM, one observes
the formation of elongated, knife-like crystallites (Fig. 5a). In the
solubilization experiments, these crystallites attach to the sur-
face of the oil (n-decane) drop, and enter inside the oil. In other
words, they are hydrophobic. For ct > 13 mM, the crystallites are
plate-like (Fig. 5b); they neither attach to the oil–water inter-
face, nor enter inside the oil, i.e. they are hydrophilic. The limiting
concentration, ct = 13 mM, corresponds to the kink in the con-
ductivity and pH (Fig. 4a and b). This change in the shape and
hydrophilicity of the crystallites can be attributed to surfactant (Z−)
adsorption on their surfaces, most probably in the form of self-
assembled aggregates on the solid surface, i.e. “hemimicelles” or
“admicelles”.

In the case with 100 mM added KCl, the kink in both conduc-
tivity and pH are at ct = 5 mM, where the solubilization also begins.
Fig. 6 shows the crystallites observed in the solutions with 100 mM
KCl at ct = 5 and 30 mM. The stoichiometry of the acid-soap crys-
tallites and the amounts of myristate in micellar and crystalline
form are established by theoretical analysis of the data in Section
5.

3. Theory: precipitation of crystallites below the CMC

3.1. Basic equations

In this section we consider theoretical expressions for pH and
conductivity of carboxylate solutions at concentrations below the
onset of aggregation of the carboxylate in the form of either micelles
(KMy at 25 ◦C) or neutral-soap crystals (NaMy at 25 ◦C). At these
relatively low concentrations, the solutions contain no more than

Fig. 4. Experimental results for solutions containing 87.5 mol% KMy and 12.5 mol%
HMy at 0 and 100 mM added KCl and at 25 ◦C. (a) Electrolytic conductivity, �, vs. the
total carboxylate concentration, ct . (b) pH vs. ct . (c) Rate of solubilization of n-decane
vs. ct .

one kind of crystalline precipitates, which can be either carboxylic
acid (HZ), or acid soap of certain stoichiometry j:n.

As mentioned in Section 2, in a part of our experiments we
initially dissolved (at 60 ◦C) MZ (KMy) and HZ (HMy) at input con-
centrations ct1 and ct2, respectively. After that, the solutions were
cooled down to the working temperature (25 or 40 ◦C) and their pH
was measured after 24 h equilibration at that working temperature.
The total carboxylate concentration is:

ct = ct1 + ct2 (3.1)

Let us denote by x ct2/ct the input molar fraction of HZ. Thus, we
obtain:

ct1 = (1 − x)ct, ct2 = xct (3.2)
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Fig. 5. Photographs of crystallites in solutions of 87.5 mol% KMy and 12.5 mol% HMy
(without added KCl) at 25 ◦C. (a) At ct = 5 mM, one observes sharp, knife-like crys-
tallites that exhibit a tendency to aggregate (mark = 50 �m). (b) At ct = 150 mM,
plate-like crystallites are seen in the solutions (mark = 20 �m).

The number of molecules (per unit volume) of components M and
Z that are incorporated in crystallites is:

mM = (1 − x)ct + cA − cM (3.3)

mZ = ct − cZ − cHZ (3.4)

Here, cA is the concentration of the anions of the added inorganic
electrolyte (if any). In our experiments, this was the chloride anion,
Cl−, originating from added KCl. The concentration of undissociated
MZ molecules is usually small and can be neglected. In the case
without micelles, the condition for electroneutrality of the solution
reads:

cH + cM = cOH + cZ + cA (3.5)

To calculate the activity coefficient �± at different temperatures
and ionic strengths, we interpolated data from the book by Robin-
son and Stokes [32] for KCl solutions, and obtained the following
expression:

log �± = − 0.50383
√

IT

1 + 1.2282
√

IT
+ 0.006920IT (for KCl) (3.6)

where

IT ≡ T

298.15
I

�w(T)
; (3.7)

Here, I is the solution’s ionic strength (mol/L); T is the absolute
temperature (◦K); �w(T) is the mass density of water (kg/L) at the
respective temperature; IT is an effective ionic strength (mol/kg).
Eq. (3.6) predicts log �± with relative error smaller than 0.15% in
the temperature interval from 15 to 45 ◦C.

Fig. 6. Photographs of crystallites in solutions of 87.5 mol% KMy + 12.5 mol%
HMy + 100 mM KCl at 25 ◦C. (a) ct = 5 mM. (b) At ct = 30 mM. The reference mark is
20 �m.

Likewise, we obtained an analogue of Eq. (3.6) for NaCl solutions:

log �± = − 0.50911
√

IT

1 + 1.3754
√

IT
+ 0.031706IT (for NaCl) (3.8)

where IT is given by Eq. (3.7). Eq. (3.8) predicts log �± with a relative
error lower than 0.25% in the temperature range from 15 to 45 ◦C.

The dissociation equilibrium of the carboxylic acid molecules is
described by the equation:

cHcZ�2
± = KAcHZ (3.9)

where KA = 1.25 × 10−5 is the equilibrium constant of the reaction
H+ + Z− ↔ HZ [4]. Here and hereafter, the concentrations in the equi-
librium constants are expressed in molarity (M). Likewise, for the
dissociation equilibrium of water we have:

cHcOH�2
± = KW = 6.81 × 10−15(at 20 ◦C) (3.10)

The carboxylic acid is soluble in water for cHZ < SHZ, where SHZ is
its equilibrium solubility. Based on experimental data, Lucassen [4]
obtained the following expression for the solubility of a fatty acid
containing n carbon atoms:

log SHZ = −0.65n + 2.82 (3.11)

For myristic acid (n = 14), Eq. (3.11) yields SHZ = 5.25 × 10−7 M. Anal-
ogously, the solubility product K11 of the 1:1 potassium acid soap
is [4]:

1
2

log K11 = −0.65n + 0.70 (3.12)
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The solubility product, KMZ, of potassium neutral soaps is [4]:

log KMZ = −0.65n + 5.41 (3.13)

Furthermore, knowing the values of SHZ, K11 and KMZ, we can
estimate the solubility product, Kjn, of a j:n acid-soap complex,
(HZ)j(MZ)n, with the help of the expressions [17]:

log Kjn = j log
(

jK11

n

)
+ (n − j)log

[
(n − j)KMZ

n

]
for n > j (3.14)

log Kjn = n log
(

nK11

j

)
+ (j − n)log

[
(j − n)KHZ

j

]
for n < j (3.15)

where KHZ ≡ KASHZ is the solubility product of the carboxylic acid.
These equilibrium constants will be used below for the quantitative
interpretation of the data.

In a preceding paper [17], the theory of precipitation in car-
boxylate soap solutions was presented for the case without added
carboxylic acid (HZ), i.e. for x = 0. Below, we will give a generaliza-
tion of the equations for the case where there is added carboxylic
acid, i.e. x > 0.

3.2. Solutions with precipitate of carboxylic acid (HZ)

In this case, the concentration of the carboxylic acid is fixed:

cHZ = SHZ = constant (3.16)

From Eqs. (3.9) and (3.16), we express the concentration of the car-
boxylate ion:

cZ = KHZ

�2±cH
(KHZ ≡ KASHZ) (3.17)

Because the precipitate is of HZ alone, metal counterions, M+, are
not incorporated in precipitates and then mM = 0. Then, Eq. (3.3)
reduces to:

cM = (1 − x)ct + cA (3.18)

With the help of Eqs. (3.10), (3.17) and (3.18) we bring the elec-
troneutrality condition, Eq. (3.5), in the form:

[cH + (1 − x)ct]cH�2
± = Kt, (3.19)

where Kt ≡ KHZ + KW. For myristic acid KW 	 KHZ, which means that
Kt ≈ KHZ. Eq. (3.19) represents a quadratic equation for calculation
of cH at a given ct. It determines the dependence pH(ct) for the
case of HZ precipitate. On the basis of Eq. (3.19), two mutually com-
plementary approaches have been proposed in the literature for
identification of HZ precipitate:

(a) Linearization method by Lucassen [4]: If cH in the brackets in Eq.
(3.19) is negligible in comparison with (1 − x)ct, and in addition,
�± ≈ 1, by taking logarithm we obtain:

pH = log ct − log
[

Kt

(1 − x)

]
(3.20)

Eq. (3.20) indicates that if the precipitate is of HZ, then the data
for pH vs. log ct, should lie on a straight line of slope = +1.

(b) Method of characteristic functions [17]: Having in mind that pH =
− log(cH�±), by taking logarithm of Eq. (3.19) we obtain:

fHZ ≡ log[cH�± + (1 − x)ct�±] − pH = log Kt (3.21)

By definition, fHZ is the characteristic function for precipitate of
carboxylic acid (HZ). Note that fHZ depends only on the con-
centrations cH and ct, which are known from the experiment.
In particular, the experiment yields cH(ct) (see e.g. Figs. 2b and
4b). Then, if we plot fHZ vs. ct, we will have fHZ = const. = log Kt

in the region where HZ precipitate is present. Thus, from the
plot of the function fHZ(ct) we simultaneously determine the

concentration region with HZ precipitate and the value of the
constant log Kt ≈ log KHZ.

3.3. Solutions with precipitate of acid soap, (HZ)j(MZ)n

The subtraction of Eq. (3.3) from Eq. (3.4) yields:

mZ − mM = xct − cA + cM − cZ − cHZ (3.22)

In Eq. (3.22), we substitute cM from the electroneutrality condition,
Eq. (3.5):

mZ − mM = cOH + xct − cH − cHZ (3.23)

If a precipitate of (HZ)j(MZ)n acid soap is present, we have:

mM

mZ
= ω where ω ≡ n

j + n
(3.24)

Then, Eq. (3.23) acquires the form:

(1 − ω)mZ = cOH + xct − cH − cHZ (3.25)

cHZ cannot be greater than the equilibrium solubility of the car-
boxylic acid SHZ (which is very low), and in the region of acid-soaps
precipitates we have cH « cOH. Then, Eq. (3.25) can be simplified:

mZ ≈ 1
1 − ω

(xct + cOH) (3.26)

One sees that the amount of acid-soap precipitate grows with the
rise of x. Further, substituting Eqs. (3.24) and (3.26) into Eqs. (3.3)
and (3.4), we derive:

cZ ≈ �ct − 1
1 − ω

cOH (3.27)

cM ≈ �ct + cA − ω

1 − ω
cOH (3.28)

where

� ≡ 1 − x

1 − ω
(3.29)

The solution’s ionic strength is:

I = cM + cH ≈ cM ≈ �ct + cA − ω

1 − ω
cOH (3.30)

where we have used Eq. (3.28) and the fact that cH « cM at our exper-
imental conditions. Under the same conditions, the last cOH-terms
in Eqs. (3.27) and (3.28) are also small, so these equations can be
further simplified:

cZ ≈ �ct and cM ≈ �ct + cA (3.31)

The solubility product for a j:n acid soap is:

cj
Hcn

Mcj+n
Z �2j+2n

± = Kjn (j, n = 1, 2, 3, . . .) (3.32)

where Kjn is equilibrium constant (see Eqs. (3.14)–(3.15)). The two
methods for identification of a j:n acid-soap precipitate are as fol-
lows.

(a) Linearization method [4,17]: If cA = 0 and �± ≈ 1, by taking loga-
rithm of Eq. (3.32) and using Eq. (3.31), we obtain:

pH ≈ (1 + 2n

j
)log ct −

(
1
j

)
log

(
Kjn

�j+2n

)
(3.33)

Eq. (3.33) indicates that if the precipitate is of j:n acid soap, then
the data for pH, plotted vs. log ct, must lie on a straight line of
slope = 1 + 2n/j. Thus, from the slope of the line we could deter-
mine n/j, i.e. the stoichiometry of the acid soap. This method is
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Fig. 7. Sketch of a mixed carboxylate micelle, which is composed of carboxylate
anions, Z− , bound counterions, M+, and undissociated fatty acid molecules, HZ (in
Section 4.3, we arrive at the conclusion that the micelles do not contain HZ).

not so accurate because of the used approximations. It is appro-
priate for an initial estimate of the ratio j:n. The more accurate
method is as follows:

(b) Method of characteristic functions [17]: In view of Eq. (3.31), by
taking logarithm of Eq. (3.32), we obtain:

fjn ≡ log[(�ct)
j+n(�ct + cA)n�j+2n

± ] − j pH = log Kjn (3.34)

By definition, fjn is the characteristic function for precipitate of
(HZ)j(MZ)n acid soap. The procedure for calculating fjn(ct) is the
following:

1. The input quantities are ct, cA, x, and the experimental depen-
dence pH(ct).

2. With tentative values of j and n, we calculate � using Eqs. (3.24)
and (3.29).

3. From Eq. (3.30), we determine the ionic strength, I; afterwards,
from Eqs. (3.6)–(3.7) we find �±.

4. We calculate fjn(ct) by means of its definition in Eq. (3.34).

If there is really a precipitate of acid soap with the presumed
stoichiometry, j:n, then the plot of fjn vs. ct will have a plateau,
fjn = const. = log Kin, in the region of ct values where such precipitate
exists. Thus, from the graph of fjn(ct) we simultaneously determine
the value of log Kjn and the concentration region with (HZ)j(MZ)n

precipitate.
If there is no plateau of fjn(ct) for the assumed stoichiometry j:n,

then we try with other values of j and n, until we find a characteristic
function which has a plateau. A good initial approximation for j:n
can be obtained by means of the linearization method, see above.

For x = 0 (and � = 1) all equations in the present Section 3 reduce
to the respective equations in reference [17].

4. Coexistence of micelles and acid-soap crystallites

4.1. Chemical equilibrium between micelles and solution

In general, the micelles in the investigated solutions could
contain carboxylate anions, Z−, bound counterions, M+, and undis-
sociated carboxylic-acid molecules, HZ (see Fig. 7). Formally,
the micellization can be considered as a chemical reaction:
Z− + M+ + H+ ↔ micelle. At equilibrium, the relationship between
the chemical potentials of these species is:

nZ�Z + nM�M + nH�H = �mic (4.1)

where nX (X = Z, M, H) is the average number of molecules of compo-
nent X in a micelle; �X is their chemical potential, and the chemical
potential of the micelle is �mic. At equilibrium, the chemical poten-
tial of each ion incorporated in micelles is equal to the chemical
potential of the same ion in the bulk of solution:

�X = �(0,l)
X + kT ln(cX�±), (X = Z, M, H) (4.2)

where k is the Boltzmann constant, T is the absolute temperature,
�(0,l)

X and cX are the standard chemical potentials and concentra-
tions of the respective ions in the aqueous phase and, as usual, �±
is the activity coefficient. The analogous expression for the micelles
reads:

�mic = �(0,l)
mic + kT ln amic (4.3)

where amic and �(0,l)
mic are the micelle activity and standard chemical

potential. The substitution of Eqs. (4.2)–(4.3) into Eq. (4.1), yields:

ln(cZ�±) + nM

nZ
ln(cM�±) + nH

nZ
ln(cH�±) = 	�mic

kT
+ 1

nZ
ln amic (4.4)

where

	�mic ≡ 1
nZ

�(0,l)
mic − �(0,l)

Z − nM

nZ
�(0,l)

M − nH

nZ
�(0,l)

H (4.5)

Note that nZ ≡ Nagg is the micelle aggregation number. Usually,
Nagg ≥ 60 and the last term in Eq. (4.4) can be neglected. Thus,
the condition for chemical equilibrium between the micelles and
solution acquires the form:

(cZ�±)(cM�±)
(cH�±)� = Kmic (4.6)

where


 ≡ nM

nZ
, � ≡ nH

nZ
, Kmic ≡ exp

(
	�mic

kT

)
(4.7)

In the special case � = 0 and �± ≈ 1, from Eq. (4.6) we derive:

log cZ = log Kmic − 
 log cM (4.8)

This is a known relationship for ionic surfactants:
log(CMC) ≡ log(cZ) decreases linearly with the log of the bulk
concentration of counterions, cM [4,33,34]. The experimentally
observed linear dependencies for various ionic surfactants confirm
that Kmic and 
 can be really treated as constants [4,33,34].

4.2. Balances of masses and electric charges

Here and hereafter, m(as)
Y and m(mic)

Y denote the number of atoms
of component Y (Y = M, Z) incorporated, respectively, in acid-soap
crystallites and micelles, per unit volume. In view of Eqs. (4.7) and
(3.24), we have:

m(mic)
M

m(mic)
Z

= 
,
m(as)

M

m(as)
Z

= ω = n

j + n
(4.9)

The latter relation holds for (HZ)j(MZ)n acid-soap precipitate. As
limiting cases, we have ω = 0 (HZ precipitate) and ω = 1 (MZ precip-
itate). Thus, in general 0 ≤ ω ≤ 1. Eq. (3.4) can be represented in the
form:

mZ ≡ m(mic)
Z + m(as)

Z = ct − cZ − cHZ (4.10)

Likewise, mM ≡ m(mic)
M + m(as)

M , and then in view of Eq. (4.9), we can
bring Eq. (3.3) in the form:


m(mic)
Z + ωm(as)

Z = (1 − x)ct + cA − cM (4.11)

Eqs. (4.10) and (4.11) represent a linear system for m(mic)
Z and m(as)

Z ,
whose solution is:

(
 − ω) m(mic)
Z = (1 − x − ω)ct + cA − cM + ωcZ + ωcHZ (4.12)

(
 − ω) m(as)
Z = −(1 − x − 
)ct − cA + cM − 
cZ − 
cHZ (4.13)

In the presence of micelles, the electroneutrality condition reads:

cM + cH = cZ + cA + cOH + (1 − 
 − �)m(mic)
Z (4.14)
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where the last term accounts for the electric charge of the micelles.
Subtracting Eq. (4.14) from Eq. (4.12), we derive:

m(mic)
Z = 1

1 − ω − �
[(1 − ω − x)ct − (1 − ω)cZ

+ ωcHZ + cH − cOH] (4.15)

Further, substituting Eq. (4.15) into Eq. (4.10), we obtain:

m(as)
Z = 1

1 − ω − �
[(x − �)ct + �cZ − (1 − �)cHZ − cH + cOH] (4.16)

At our experimental conditions, the concentrations cH and cHZ are
small and can be neglected in Eqs. (4.15) and (4.16), which acquire
the following simpler form:

m(mic)
Z = 1

1 − ω − �
[(1 − ω)(�ct − cZ) − cOH] (4.17)

m(as)
Z = 1

1 − ω − �
[cOH + (x − �)ct + �cZ] (4.18)

where � is defined by Eq. (3.29).

4.3. Discussion on the issue of micelle composition

At concentrations much greater than CMC, we have ct » cZ, where
as usual, ct is the total input carboxylate concentration and cZ is the
concentration of the Z− monomers. In addition, if there is no added
HZ, we have x = 0 and � = 1. Then, Eqs. (4.17) and (4.18) reduce to:

m(mic)
Z ≈ 1

1 − ω − �
[(1 − ω)ct − cOH] (4.19)

m(as)
Z ≈ 1

1 − ω − �
(cOH − �ct) (4.20)

The acceleration of solubilization with the increase of carboxylate
concentration (Figs. 2c and 4c) indicate that m(mic)

Z increases with
rise of ct. Then, from Eq. (4.19) it follows:

1 − ω − � > 0 (4.21)

Consequently, for � > 0 the coefficient before ct in Eq. (4.19) is

1 − ω

1 − ω − �
= 1 + �

1 − ω − �
> 1 (4.22)

If the last term in Eq. (4.19), that with cOH, is small (which is
the usual situation), Eq. (4.22) yields m(mic)

Z > ct, i.e. the amount of
carboxylate molecules incorporated in micelles is greater that the
total input amount of carboxylate molecules, which is a nonsense.
Logically, there are two ways to avoid this problem:

(1) To assume that the two terms in the brackets in Eqs. (4.19) are
comparable by magnitude for the whole investigated range of
ct values;

(2) To assume that � = 0, i.e. that the micelles do not contain HZ
molecules.

The first hypothesis presumes a strong relationship between the
concentration of micelles and the solution’s pH. This seems phys-
ically unrealistic, because the formation of micelles by the ionic
surfactants is a general phenomenon, the variation of pH being a
side effect in the case of carboxylates.

For this reason, we accept the second hypothesis, � = 0, i.e. the
micelles do not contain HZ molecules. The latter are contained only
in the acid soap that coexists with the micelles. In other words,
the presence of HZ leads to “solidification” of the formed aggre-
gates, which represent crystallites of acid soap, whereas the formed

micelles (“soft matter”) are composed only of Z− and M+. If � = 0,
then Eqs. (4.17) and (4.18) reduce to:

m(mic)
Z = �ct − cZ − cOH

1 − ω
(4.23)

m(as)
Z = 1

1 − ω
(cOH + xct) (4.24)

4.4. Expressions for the ionic strength and pH

Substituting Eq. (4.24) into Eq. (4.13), we obtain:

cM ≈ cA + (1 − 
)�ct + 
cZ + 
 − ω

1 − ω
cOH (4.25)

The ionic strength is used only for calculation of the activity coeffi-
cient �±, and therefore, the following leading order approximation
can be used:

I ≈ 1
2

(cM + cA + cZ) ≈ cA + 1
2

[(1 − 
)�ct + (1 + 
)cZ] (4.26)

At the last step we have used Eq. (4.25), where the cOH-term has
been neglected. For the sake of applications, it is convenient to
represent Eq. (4.6) (with � = 0) and Eq. (3.32) in the form:

log(cZ�±) + 
 log(cM�±) = log Kmic (4.27)

log(cZ�±) + ω log(cM�±) = 1
j + n

log Kjn + (1 − ω)pH (4.28)

Subtracting Eq. (4.27) from Eq. (4.28), we derive:

pH = ω − 


1 − ω
log(cM�±) + 1

1 − ω

(
log Kmic − log Kjn

j + n

)
(4.29)

Eq. (4.29) can be used for interpretation of the pH data in the pres-
ence of micelles. For this goal, pH is plotted vs. log(cM�±) where, at
concentrations much above the CMC, cM can be calculated from a
simplified version of Eq. (4.25):

cM ≈ cA + (1 − 
)�ct (4.30)

Eqs. (4.29) and (4.30) show that in the presence of micelles three
cases are possible. First, at ω = 
 the pH is independent of the total
carboxylate concentration, ct. Second, for ω < 
 the pH decreases
with the rise of ct; such a situation has been discussed by Lucassen
[4]. Third, for ω > 
 the pH increases with the rise of ct, which is
the case of micellar KMy solutions at 40 ◦C (see Section 5.1). In our
experiments with KMy solutions under different conditions, all the
three aforementioned cases have been observed (see below).

4.5. Expressions for the electrolytic conductivity �

The conductivity of the investigated solutions can be expressed
in the form [35,36]:

� =
∑

i

�0
i ci − AI3/2 + BI2 (4.31)

where the summation is carried out over all ionic species, whose
concentrations are denoted ci; �0

i
are the respective molar ionic

conductances at infinite dilution; as usual, I is the ionic strength; A
and B are the empirical coefficients of the augmented Kohlrausch
law [37], which account for the interactions between the ions and
have been tabulated for various electrolytes [38]. The coefficients A
and B are practically the same for different 1:1 electrolytes [35,36].

For a micellar solution of carboxylate, MZ, with added inorganic
electrolyte, MA, we have:∑

i

�0
i ci = �0

McM + �0
ZcZ + �0

AcA + �0
OHcOH + �0

HcH + �miccmic (4.32)
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Table 1
Molar conductances, �0

i
(cm2 S/mol), of several ions in aqueous solutions and

Kohlrausch coefficients, A (mS cm−1 M−3/2) and B (mS cm−1 M−2), at two different
temperatures.

Parametera 25 ◦C 40 ◦C

�0
K 73.50 95.69

�0
Na 50.10 67.56

�0
Cl

76.35 100.6
�0

OH 198.3 260.6
�0

My 20.44 27.9

�̃mic 3.82 5.21
A 95.20 204.4
B 92.72 −

a The values of �0
K, �0

Na, �0
Cl

and �0
OH are from handbooks [35,38,40]; the values of

�0
My, A and B are from reference [36], and the values of �̃mic are from Eq. (4.35).

where cmic, and �mic are the concentration and conductance of the
micelles. Further, we will use the relationships:

cmic = m(mic)
Z

Nagg
and �mic ≡ (1 − 
)Nagg�̃mic (4.33)

where the latter relationship represents a definition of �̃mic;
(1 − 
)Nagg is the number of elementary electric charges per micelle.
Then, the last term in Eq. (4.32) acquires the form:

�miccmic = (1 − 
)�̃micm(mic)
Z (4.34)

�̃mic can be estimated from the expression [35]:

�̃mic = e2NA

6�wrmic
(4.35)

where NA is the Avogadro number, �w is the viscosity of water,
rmic is the micelle radius, and e is the elementary electric charge.
Because the micelle radius is approximately equal to the length of
the surfactant molecule, using molecular-size considerations [39],
from Eq. (4.35) we estimate �̃mic = 3.82 cm2 S/mol for KMy at 25 ◦C
(�w = 0.8903 mPa s). �̃mic is relatively small as compared to the con-
ductance of the small ions, like K+ (see Table 1). In other words,
the main contribution of the micelles to conductivity comes from
the counterions dissociated from their ionizable groups. It should
be noted that all conductances depend on temperature, because
�0

i
∝ 1/�w and the viscosity �w essentially depends on T.
Finally, we combine Eqs. (4.31), (4.32) and (4.34), and substi-

tute m(mic)
Z from Eq. (4.23) and cM from Eq. (4.25). The resulting

expression for the electrolytic conductivity of micellar carboxylate
solutions reads:

� ≈ (�0
M + �̃mic)(1 − 
)�ct + [�0

Z + �0
M
 − �̃mic(1 − 
)]cZ

+ (�0
A + �0

M)cA +
(

�0
OH + �0

M

 − ω

1 − ω
− �̃mic

1 − 


1 − ω

)
cOH

− AI3/2 + BI2 (4.36)

We have neglected the contribution of cH, which is negligible for the
pH values in our experiments. The values of the other parameters
in Eq. (4.36) are given in Table 1 for the two working temperatures,
25 and 40 ◦C.

4.6. Principles of the procedure for data processing

We simultaneously processed our experimental data for pH-
vs.-ct and for the conductivity, �-vs.-ct. For micellar solutions that
coexist with carboxylate crystallites, the used procedure is as fol-
lows:

1. The input information consists of the experimental points of the
dependences pH-vs.-ct and �-vs.-ct, like those in Fig. 2a and b,

including the values of ct at the CMC, ct,cmc, determined from
the kink in the respective experimental dependence. The input
fraction, x, of HZ in the total amount of carboxylate, and the
concentration, cA, of added inorganic electrolyte are also input
parameters.

2. We choose tentative values of the degree of counterion binding
to the micelles, 
, and of the parameters j and n that charac-
terize the stoichiometry of the j:n acid soap. Then ω = n/(j + n);
� = 1 − x/(1 − ω), and the solubility product of the acid soap, Kjn,
is estimated from Eqs. (3.14)–(3.15). Because the latter equations
are approximate, in most cases we used ω and Kjn as adjustable
parameters, instead of j and n.

3. At ct = ct,cmc, we calculate cZ and cM from Eq. (3.31):

cZ ≈ �ct,cmc and cM ≈ �ct,cmc + cA (4.37)

The respective value of the ionic strength, I ≈ cM, is substituted
in Eqs. (3.6)–(3.7) and the value of the activity coefficient, �±,
in CMC is computed. Next, the micellization constant, Kmic, is
calculated from Eq. (4.27).

4. For a given ct above the CMC, we choose a tentative value of
cZ. Then, we calculate cM from Eq. (4.25) (with neglected cOH-
term); I from Eq. (4.26) and �± from Eqs. (3.6)–(3.7). The results
are substituted in Eq. (4.27), which is considered as an implicit
equation for determining cZ that is solved numerically by the
bisection method. Thus, for each given ct we determine cZ, cM, I,
and �±.

5. For the given ct and ω < 1, the theoretical value of pH is calculated
from Eq. (4.28). After that, using Eq. (3.10) we estimate cOH:

cOH = 6.81
�±

10pH−15 (4.38)

6. The theoretical value of the solution’s conductivity, �, is calcu-
lated from Eq. (4.36).

7. To fit simultaneously the data for pH-vs.-ct and �-vs.-ct, we cal-
culate the merit functions:

�2
pH(
, ω, Kjn) =

NpH∑
i=1

[
pH(i) − pH(c(i)

t , 
, ω, Kjn)
�pH,exp

]2

(4.39)

�2
�(
, ω, Kjn) =

N�∑
i=1

[
�(i) − �(c(i)

t , 
, ω, Kjn)
��,exp

]2

(4.40)

Here, the superscript “(i)” numbers the experimental points; NpH
and N� are the total numbers of points for pH and �, respectively;
pH(c(i)

t , 
, ω, Kjn) and �(c(i)
t , 
, ω, Kjn) are theoretical values of pH

and �, calculated at steps 5 and 6 above. For each experimental
point, several measurements of pH and � have been carried out.
�pH,exp and ��,exp are estimates for the standard deviations of
the respective data, obtained by averaging over all experimental
points.

8. We numerically minimize the sum �2
� + �2

pH and determine the
values of 
, ω, and Kjn that correspond to the best fit. The scal-
ing with �pH,exp and ��,exp in the right-hand sides of Eqs. (4.39)
and (4.40) makes �2

� and �2
pH comparable by magnitude and

gives equal weight of the two sets of data (for pH and �) in the
minimization.

9. The amounts of carboxylate molecules that are incorporated in
micelles and acid-soap precipitates per unit volume, m(mic)

Z and

m(as)
Z , are calculated from Eqs. (4.23) and (4.24).
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Fig. 8. (a) Electrolytic conductivity, �, and (b) pH of KMy solutions at 40 ◦C. The data
indicate that CMC ≈ 7.5 mM. For ct < 7.5 mM HZ precipitate is present, whereas for
ct > 7.5 mM the solutions contain 1:2 acid soap and micelles.

5. Theory vs. experiment: comparison and discussion

5.1. Results for KMy solutions at 40 ◦C

First, we consider the data for KMy solutions at 40 ◦C without
added KCl and HZ. In Fig. 8, the data for conductivity and pH are
compared with the theoretical predictions. The kink in conductivity,
which corresponds to the CMC, is at ct = 7.5 mM (Fig. 8a). The data
for conductivity below the CMC are fitted by the equation [36]:

� = �0 + �0ct − 204.4c3/2
t (ct < CMC) (5.1)

(A = 204.4 mS cm−1 M−3/2 – see Table 1); here, �0 accounts for
possible traces of other ionic species, like HCO3

−, in the used
water; this effect is essential only for the lower ionic strengths.
The fit yields �0 = 0.007 ± 0.003 mS/cm; �0 ≡ �0

K + �0
My = 123.6 ±

0.8 cm2 S/mol. Using the known value of �0
K, we obtain that

the equivalent ionic conductance of My− ions at 40 ◦C is �0
My =

27.9 cm2 S/mol, which is listed in Table 1.
For ct < 7.5 mM, the experimental dependence pH-vs.-ct (Fig. 8b)

agrees very well with a straight line of slope +1. In view of Eq. (3.20),
this means that the crystallites in the KMy solutions below the CMC
are of myristic acid (HZ). This is confirmed by the plot of the charac-
teristic function fHZ vs. ct in Fig. 9a. For ct < 7.5 mM, the plot fHZ-vs.-ct

exhibits a plateau, which gives the solubility product of the myristic
acid, log KHZ = − 11.48 at 40 ◦C. The latter value is not much different
from the value log KHZ = −11.18 obtained by Lucassen [4] at 20 ◦C.

At concentrations above the CMC, ct > 7.5 mM, we used the full
procedure for data processing from Section 4.6. In particular, we
simultaneously fitted the data for conductivity and pH setting x = 0

Fig. 9. Results for KMy at 40 ◦C (no added HZ or KCl). (a) Precipitation diagram: the
plateau of fHZ(ct) shows the region in which HZ precipitate is present, and the level of
the plateau gives KHZ. (b) Calculated concentrations of the various species in the KMy
solutions; the concentrations of precipitates, mHZ and m(as)

Z , correspond to uniform
dispersion of the crystallites in the solution.

(no added HZ) and cA = 0 (no added KCl). Three adjustable param-
eters have been used: the degree of counterion binding to the
micelles, 
; the parameter ω = n/(j + n) that characterizes the stoi-
chiometry of the acid-soap crystallites coexisting with the micelles,
and the solubility product of the acid soap, Kjn.

The results from the fit of the data for ct > 7.5 mM (above the
CMC) are: 
 = 0.3; ω = 2/3 (i.e. 1:2 acid soap coexists with the
micelles), and logK12 = − 20.69. The value of K12 predicted by Eq.
(3.14) is very close, viz. log K12 = − 21.09, where the parameter val-
ues for 20 ◦C, given after Eq. (3.10), have been used. The respective
theoretical curves, which are shown in Fig. 8a and b, agree very well
with the experimental points. As a result of the fit, we determined
also the micellization constant in Eq. (4.27): log Kmic = − 2.815 for
KMy at 40 ◦C.

Having determined all parameters of the model, we can further
calculate the concentrations of all species in the solution, including
the concentration of myristate molecules incorporated in micelles,
m(mic)

Z , and in HZ and acid-soap crystallites, mHZ and m(as)
Z , assuming

that the crystallites are uniformly dispersed in the solution. The
results are plotted in Fig. 9b in the form of a concentration diagram.
For ct < CMC, the crystallites are of HZ, whereas for ct > CMC they are
of 1:2 acid soap, i.e. (HZ)1(MZ)2. In both cases, only a small fraction
of the myristate (component Z) exists in the form of crystallites
(Fig. 9b). For this reason, for ct < CMC we have cM ≈ cZ, i.e. the most
of the potassium myristate is in the form of M+ and Z− ions.

For ct > CMC, cM increases, whereas cZ decreases. This is due
to the formation of micelles and follows from Eq. (4.27). For
ct > 100 mM, the concentration of the Z− monomers is rather low
and cZ < m(as)

Z (Fig. 9b). For ct > 20 mM, the micelles become the
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main component in the solution, which contains the predominant
fraction of component Z (the carboxylate).

5.2. Results for KMy solutions at 25 ◦C

5.2.1. Fits of the data for conductivity and pH
We have already published some results for KMy solutions at

25 ◦C in relation to the method for analysis of acid-soap stoichiom-
etry proposed in [36]. For this reason, here we first give a brief
summary of the results in [36], and then continue with new unpub-
lished results.

For KMy solutions at 25 ◦C without added KCl and HZ (cA = 0,
x = 0), the kink in conductivity, which corresponds to the CMC,
is at ct = 10 mM. The data for conductivity below the CMC give
the equivalent ionic conductance of My− ions at 25 ◦C, viz. �0

My =
20.44 cm2 S/mol [36], which is listed in Table 1.

In the concentration region 0.008 < ct < 1.6 (mM), the data for pH-
vs.-ct comply with a straight line of slope +1, which indicates that
the precipitate in the solution is of myristic acid (HZ) (see Eq. (3.20)).
In the concentration region 1.6 < ct < 10 (mM), the data for pH-vs.-
ct agree well with a straight line of slope +3, which means that in
this region the crystallites in the KMy solutions are of 1:1 acid soap
(see Eq. (3.33)). This is confirmed by the plot of the characteristic
functions fHZ and f11 vs. ct [36]. The plateaus of these two character-
istic functions give log KHZ = −11.19 and log K11 = −16.8 in excellent
agreement with the values obtained by Lucassen [4], which are
given after Eq. (3.10) above.

At concentrations above the CMC, ct > 7.5 mM, the experiment
gives pH ≈ 10.67 = const., see the horizontal line in Fig. 2b. The con-
centration of the K+ ions, cM (and the conductivity – see Fig. 2a),
increases in this concentration region. Then, to have constant pH, it
is necessary the coefficient before log(cM�±) in Eq. (4.29) to be equal
to zero, i.e. ω = 
. Therefore, we used the procedure for data process-
ing from Section 4.6 with two adjustable parameters, viz. the degree
of counterion binding to the micelles, 
; and the solubility product
of the acid soap, Kjn. We fitted only the data for conductivity, �-vs.-
ct, setting x = 0 (no added HZ) and cA = 0 (no added KCl). The result
of the fit is 
 = ω = 0.5, i.e. 1:1 acid soap crystallites coexist with the
micelles [36], and log Kjn ≡ log K11 = −16.8, in full agreement with
the Lucassen’s result for K11.

As a result of the fit, we determined also the micellization
constant in Eq. (4.27): log Kmic = −3.067 for KMy at 25 ◦C. The sub-
stitution of the obtained values of log K11, log Kmic and ω = 
 in Eq.
(4.29) gives pH 10.67, in excellent agreement with the experimental
data for pH in the plateau region (see Fig. 2b).

Having determined all parameters of the model, we calculated
the concentrations of all species in the solution, including the con-
centration of myristate molecules incorporated in micelles, m(mic)

Z ,

and in HZ and acid-soap crystallites, mHZ and m(as)
Z . The results are

plotted in Fig. 10a. For ct < 1.6 mM, the crystallites are of HZ and
their concentration, mHZ, is rather low. For ct > 1.6 mM, the crystal-
lites are of 1:1 acid soap; their stoichiometry does not change at
the CMC (at ct = 10 mM). In all cases, only a small fraction of the
myristate (component Z) exists in the form of crystallites. For this
reason, for ct < CMC we have cM ≈ cZ, i.e. the most of the potassium
myristate is in the form of M+ and Z− ions. For ct > CMC, the amount
of the acid soap remains constant and the addition of carboxylate
leads to the increase of the micelle concentration (Fig. 10a). For
ct > 20 mM the micelles become the main component in the solu-
tion, which contains the predominant fraction of component Z (the
carboxylate).

5.2.2. The surface tension of KMy solutions
Fig. 10b shows the experimental equilibrium surface tension

isotherm, �-vs.-ct, for KMy solutions without added KCl and HZ

Fig. 10. Results for KMy solutions at 25 ◦C without added KCl and HZ (x = 0). (a)
Calculated concentrations of the various species; the concentrations of precipitates,
mHZ and m(as)

Z , correspond to uniform dispersion of the crystallites in the solution.
(b) Experimental data for the surface tension. The vertical dashed lines denote the
boundaries between the respective precipitation domains.

(cA = 0, x = 0) at 25 ◦C. At concentrations ct < 1.6 mM, including the
zone with HZ precipitate (Fig. 10a), � decreases from 72 down
to 22 mN/m. Further, for 1.6 < ct < 10 (mM), i.e. in the zone with
1:1 acid-soap precipitate without micelles, the surface tension
� increases. Finally, above the CMC the surface tension remains
almost constant, � ≈ 33 mN/m.

The presence of a region (1.6 < ct < 10 mM), where � increases
with the rise of surfactant concentration, is unusual for the con-
ventional surfactants. The reason for this peculiar behavior is that
in this region the adsorption of myristic acid (HZ) is significant, but
cHZ decreases with the rise of ct (see Eqs. (5.10) and (5.11) below).
Because we already know the bulk concentrations of all species
(Fig. 10a), we can interpret the surface-tension isotherm (Fig. 10b)
using the Gibbs adsorption equation:

d�

kT
= −�̃ZdlnaZ − �̃MdlnaM − �HZdlncHZ − �11dlnc11 (5.2)

Here, � HZ, � 11, �̃Z and �̃M are, respectively, the adsorptions of
HZ molecules, 1:1 acid-soap molecules; Z− ions, and M+ ions. The
tilde symbolizes that the adsorption of the respective ionic species
includes a contribution from the diffuse part of the electric dou-
ble layer; see e.g. reference [41]. aZ = cZ�± and aM = cZ�± are the
bulk activities of the respective ionic species, whereas cHZ and c11
are the concentrations of the respective nonionic species; k is the
Boltzmann constant, and T is the absolute temperature. Because
the solution is electroneutral, the total adsorptions of anions and
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cations must be equal: �̃Z = �̃M. Then, Eq. (5.2) reduces to:

d�

kT
= −�̃Zd ln(aMaZ) − �HZd ln cHZ − �11d ln c11 (5.3)

In the region A (Fig. 10b), where HZ precipitate is present in
the solution, we have cHZ = SHZ = const., see Eq. (3.16), and conse-
quently the term with � HZ in Eq. (5.3) disappears. In addition, the
chemical–equilibrium relation for the 1:1 acid-soap molecules is:

(aHaZ)(aMaZ) = Q11c11 (5.4)

where Q11 is an equilibrium constant. Taking log of Eq. (5.4) and
differentiating, we obtain:

d ln c11 = d ln(aMaZ) (5.5)

where the relation dln(aHaZ) = dlnKHZ = 0 has been also used; see
Eq. (3.17). Thus, Eq. (5.3) reduces to:

d�

kT
= −(�11 + �̃Z)d ln(aMaZ) (5.6)

Moreover, in the region A we have aZ ≈ aM ≈ �±ct ≈ ct, compare
Fig. 10a and b, and then Eq. (5.6) acquires the form:

d�

kT
≈ −2(�11 + �̃Z)d ln ct (5.7)

In view of Eq. (5.7), from the slope of the experimental curve in
the region A (Fig. 10b), we determine:

�11 + �̃Z = 2.108 �mol/m2 (5.8)

In the region B (Fig. 10b), where 1:1 acid-soap precipitate
is present in the solution, we have c11 = const., and conse-
quently the term with � 11 in Eq. (5.3) disappears. Using the
chemical–equilibrium relations

aHaZ = KAcHZ and (aHaZ)(aMaZ) = K11 (5.9)

see Eqs. (3.9) and (3.32), we derive:

d ln cHZ = d ln(aHaZ) and d ln(aHaZ) = −d ln(aMaZ) (5.10)

The substitution of Eq. (5.10) into Eq. (5.3) yields:

d�

kT
≈ 2(�HZ − �̃Z)d ln ct (5.11)

where the approximation aZ ≈ aM ≈ �±ct ≈ ct has been used again
for ct < CMC. The positive slope of the �-vs.-ct dependence in the
region B implies that �HZ > �̃Z. In view of Eq. (5.11), from the slope
of the experimental curve in the region B (Fig. 10b), we determine:

�HZ − �̃Z = 2.061 �mol/m2 (5.12)

For a condensed adsorption monolayer it is natural to assume
that its constituent molecules are densely packed:

˛11�11 + ˛HZ�HZ + ˛Z�Z = 1 (5.13)

Here, ˛11, ˛HZ and ˛Z are the areas per molecule of the respec-
tive component at dense packing. In our estimates, we used the
following values:

˛HZ = 22.6 Å
2
; ˛Z ≈ ˛MZ = 32.6 Å

2
; ˛11 ≈ ˛HZ + ˛MZ = 55.2 Å

2

(5.14)

where the values of ˛HZ and ˛MZ are taken from references [23] and
[17], respectively. Eqs. (5.8), (5.12) and (5.13) represents a system of
three equations for determining the three unknown adsorptions:
� HZ, � 11 and � Z ≈ �̃Z. The solution of this system yields:

ϕHZ = 0.70; ϕ11 = 0.28 and ϕZ = 0.02 (5.15)

where ϕY ≡ ˛Y� Y (Y = HZ, 11, Z) are the area fractions of the respec-
tive components at the interface. Eq. (5.15) means that 70% of the

interface is occupied by myristic acid (HZ), 28% by 1:1 acid-soap
molecules, and only 2% by myristate anions, Z−. This result implies
that the surface charge density should be rather low. To check this
conclusion, we carried out independent experiments with foam
films from KMy solutions in the Scheludko–Exerowa cell [42,43].
The interpretation of the measured film thickness by means of the
DLVO theory [44,45] gives ϕZ of the order of few percent, in agree-
ment with Eq. (5.15).

5.3. Results for solutions of 87.5 mol% KMy + 12.5 mol% HMy at
25 ◦C

Here, we consider the data for carboxylate solutions containing
87.5 mol% KMy and 12.5% mol HMy at 25 ◦C without added KCl. In
Fig. 11, the data for conductivity and pH are compared with the the-
oretical predictions. The kink in conductivity, which corresponds to
the CMC, is at ct = 13 mM (Fig. 11a). (We recall that ct is the total input
concentration of carboxylate, which includes both KMy and HMy.) A
second kink is observed at ct = 2.4 mM, which is better pronounced
in the pH plot (Fig. 11b). For ct < 2.4 mM, the data for conductivity
are fitted by the equation:

� = �0 + �0(1 − x)ct − 95.20c3/2
t + 92.72c2

t (5.16)

where the values of the numerical coefficients are taken from
Table 1; the meaning of �0 and �0 is the same as in Eq. (5.1).
The fit yields �0 = 0.0023 ± 0.005 mS/cm; �0 ≡ �0

K + �0
My = 94.05 ±

0.9 cm2 S/mol. Using the known value of �0
K, we obtain that

Fig. 11. Results for the conductivity, �, and pH of solutions of 87.5 mol% KMy and
12.5 mol% HMy at 25 ◦C. (a) Experimental data for �(ct) for ct ≤ 50 mM. The lines are
theoretical fits (details in the text). (b) Experimental data and theoretical fits for pH
vs. ct . The vertical dashed lines are the boundaries between zones with different
precipitates; ct is the total input carboxylate concentration due to both KMy and
HMy.
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Fig. 12. Results for solutions of 87.5 mol% KMy and 12.5 mol% HMy at 25 ◦C (no KCl).
(a) The characteristic functions fHZ(ct) and f11(ct) calculated using the experimental
pH(ct) dependence. (b) Calculated concentrations of the various species; the con-
centrations of precipitates, mHZ and m(as)

Z , correspond to uniform dispersion of the
crystallites in the solution.

the equivalent ionic conductance of My− ions at 25 ◦C is �0
My =

20.55 cm2 S/mol, which is close to the respective value in Table 1.
For ct < 2.4 mM, the experimental dependence pH-vs.-ct (Fig. 8b)

agrees very well with a straight line of slope +1. In view of Eq. (3.20),
this means that the crystallites in these solutions are of myristic
acid (HZ). Furthermore, for 2.4 < ct < 13 mM, the slope of the exper-
imental pH dependence is +3, which implies that the crystalline
precipitate is of 1:1 acid soap in this concentration range (see Eq.
(3.33)). These conclusions are confirmed by the plot of the charac-
teristic functions fHZ and f11 vs. ct in Fig. 12a. For ct < 2.4 mM, the plot
fHZ-vs.-ct exhibits a plateau, which gives the solubility product of
the myristic acid, log KHZ = −11.19, which practically coincides with
the value log KHZ = −11.18 obtained by Lucassen [4] at 20 ◦C. The
plateau of f11(ct), log K11 = −16.8, also coincides with the respective
value in reference [4] (see Fig. 12a). These results clearly show that
the kink in conductivity and pH at ct = 2.4 mM is due to the transition
from HZ to 1:1 acid soap precipitate.

At concentrations above the CMC, ct > 13 mM, the experiment
gives pH ≈ 10.66 = const. (see Fig. 11b). In such a case, ω = 
, see
Eq. (4.29). For this reason, we used the procedure for data pro-
cessing from Section 4.6 with two adjustable parameters, viz. 

and Kjn. We fitted only the data for conductivity, �-vs.-ct, setting
x = 0.125 (12.5% HZ) and cA = 0 (no added KCl). The result of the
fit is 
 = ω = 0.5, i.e. 1:1 acid soap coexist with the micelles [36],
and log Kjn ≡ log K11 = −16.8, in full agreement with the value of K11
independently obtained from our data below the CMC. As a result of
the fit, we determined also the micellization constant in Eq. (4.27):

log Kmic = −3.069, which is practically the same as that obtained in
Section 5.2.1, at it should be expected.

Having determined the parameters of the model, we further cal-
culate the concentrations of all species in the solution, including
the concentration of myristate molecules incorporated in micelles,
m(mic)

Z , and in HZ and acid-soap crystallites, mHZ and m(as)
Z . The

results are plotted in Fig. 12b. Qualitatively, the picture is similar
to that in Fig. 10a for KMy without added HZ. The main difference
is that the amounts of HZ and acid-soap crystallites, mHZ and m(as)

Z ,
are markedly greater in Fig. 12b in comparison with Fig. 10a. More-
over, in Fig. 12b m(as)

Z increases for ct > CMC, whereas it is constant
in Fig. 10a. Both these effects are due to the presence of 12.5% added
HZ.

5.4. Solutions of 87.5 mol% KMy + 12.5 mol% HMy + 100 mM KCl at
25 ◦C

5.4.1. Fits of the data for conductivity and pH
As in the case of solutions of KMy alone, we have already pub-

lished some results for 87.5 mol% KMy + 12.5 mol% HMy + 100 mM
KCl solutions at 25 ◦C in relation to the method for analysis of acid-
soap stoichiometry proposed in [36]. For this reason, here we first
give a brief summary of the results in [36], and afterwards continue
with new unpublished results.

For the solutions of 87.5 mol% KMy + 12.5 mol% HMy + 100 mM
KCl (x = 0.125, cA = 100 mM), the kink in pH and conductivity,
which corresponds to the CMC, is at ct = 5 mM. For ct < 0.4 mM, the
data for pH-vs.-ct comply with the prediction of Eq. (3.19) with
Kt ≈ KHZ = − 11.19, i.e. the precipitate is of myristic acid (HZ). In the
concentration region 0.4 < ct < 5 (mM), the plot of the characteristic
function f32 vs. ct has a plateau, which means that the precipitate
is of 3:2 acid soap in this region [36]. The change in the precipitate
composition from HZ to (HZ)3(MZ)2 at ct = 0.4 mM is the reason
for the jump in the pH at this concentration (Fig. 4b). Jump in the
conductivity � at ct = 0.4 mM cannot be detected because of the
presence of 100 mM background electrolyte (KCl). From the plateau
of the experimental plot of f32 vs. ct, we determined the solubility
product of the 3:2 acid soap, viz. log K32 = −47.1 [36]. On the other
hand, Eq. (3.15) predicts log K32 = −45.6. The difference could be
attributed to effects of non-ideality, insofar as Eq. (3.15) is derived
using the assumption that the acid soap is an ideal solid solution
[17].

At concentrations above the CMC, ct > 5 mM, we used the full
procedure for data processing from Section 4.6. In particular,
we simultaneously fitted the data for conductivity and pH set-
ting x = 0.125 (12.5% added HZ) and cA = 100 mM. Three adjustable
parameters have been used: the degree of counterion binding to the
micelles, 
; the parameter ω = n/(j + n) that characterizes the stoi-
chiometry of the acid-soap crystallites coexisting with the micelles,
and the solubility product of the respective acid soap, Kjn.

The results from the fit of the data for ct > 5 mM (above the CMC)
are: 
 = 0.6; ω = 2/5 (i.e. 3:2 acid soap coexists with the micelles), and
log K32 = −47.1 in full agreement with the value of K32 obtained from
the pH data below the CMC [36]. In other words, the stoichiome-
try of the acid-soap precipitate does not change when the micelles
appear. As a result of the fit, we determined also the micellization
constant in Eq. (4.27): log Kmic = −3.08, which is very close to that
independently determined in Sections 5.2 and 5.3. Note also that in
the present case we have ω − 
 /= 0, but nevertheless pH ≈ const.
above the CMC. In view of Eq. (4.29), this is due to the fact that
aM ≡ cM�± ≈ const. because of the added 100 mM KCl.

Having determined the parameters of the model, we calculated
the concentrations of all species in the solution, including the con-
centration of myristate molecules incorporated in micelles, m(mic)

Z ,

and in HZ and acid-soap crystallites, mHZ and m(as)
Z . They are plot-
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ted in Fig. 13a in the form of a concentration diagram. Qualitatively,
the latter plot is very similar to Fig. 12b. The difference is that the
CMC is lowered (from 13 to 5 mM) due to the presence of 100 mM
added KCl. For ct < CMC, the difference cM–cA, which gives the con-
centration of M+ ions dissociated from the KMy, is very close to cZ,
which means that the amount of M+ ions incorporated into acid-
soap precipitates is relatively small. For ct > 20 mM, the carboxylate
(component Z) is contained mostly in the micelles, whereas the
amount of carboxylate in the 3:2 acid soap, m(as)

Z , is about four times

smaller than m(mic)
Z (Fig. 13a).

5.4.2. Surface tension of 87.5 mol% KMy + 12.5 mol%
HMy + 100 mM KCl solutions

Fig. 13b shows the experimental equilibrium surface ten-
sion isotherm, �-vs.-ct, for solutions of 87.5 mol% KMy + 12.5 mol%
HMy + 100 mM KCl (x = 0.125, cA = 100 mM) at 25 ◦C. At concen-
trations ct ≤ 0.4 mM (region A), where HZ precipitate is present
(Fig. 13a), � decreases to 26 mN/m. At ct ≈ 0.4–0.5 mM, � has a jump
to ≈36 mN/m. (Note that similar jump is observed in the experi-
mental pH dependence (see Fig. 4b).) Further, for 0.5 < ct < 5 (mM),
i.e. in the zone with 3:2 acid-soap precipitate without micelles,
the surface tension � decreases. Finally, above the CMC the surface
tension remains almost constant, � ≈ 30 mN/m. A possible inter-
pretation of the peculiar behavior of the surface tension of these
solutions is the following:

Fig. 13. (a) Calculated concentrations of various species in solutions of 87.5 mol%
KMy + 12.5 mol% HMy + 100 mM KCl at 25 ◦C. (b) Experimental data for the surface
tension of these solutions. The vertical dashed lines denote the boundaries between
the respective precipitation domains.

In the region A (Fig. 13b) we have HZ precipitate and the Gibbs
adsorption equation reduces to Eq. (5.6). Because of the added
100 mM KCl, we have cM ≈ const. Moreover, in this region we have
aZ ≈ �±ct ≈ ct (Fig. 13a), and then Eq. (5.6) acquires the form:

d�

kT
≈ −(�11 + �̃Z)d ln ct (5.17)

In view of Eq. (5.17), from the slope of the experimental curve in
the region A (Fig. 10b), we determine:

�11 + �̃Z = 1.888 �mol/m2 (5.18)

Assuming that �̃Z is negligible (see Section 5.2.2), we will use the
close-packing relation, Eq. (5.13), in the form:

˛11�11 + ˛HZ�HZ = 1 (5.19)

where, as before, ˛HZ = 22.6 Å2 and ˛11 = 55.2 Å2. From Eqs. (5.18)
to (5.19), we obtain that in region A the adsorptions are
� 11 = 1.888 �mol/m2 and � HZ = 2.736 �mol/m2. In terms of surface
area fractions of the adsorbed components, ϕY ≡ ˛Y� Y (Y = HZ, 11),
this result acquires the form:

ϕHZ = 0.37 and ϕ11 = 0.63 (region A) (5.20)

In other words, in region A 37% of the interface is occupied by myris-
tic acid (HZ), and 63% by 1:1 acid-soap molecules. In comparison
with the case without added KCl, Eq. (5.15), the area fraction of
the acid soap, ϕ11, has increased more than twice. A change in this
direction was to be expected because of the high K+ concentration
(100 mM) in the present case.

In the region B (Fig. 13b), 3:2 acid-soap precipitate is present in
the solution (see Fig. 13a). The solubility product for the 3:2 acid
soap is:

(aHaZ)3(aMaZ)2 = K32 (5.21)

Taking log of Eq. (5.21) and differentiating, we derive:

d ln(aHaZ) = − 2
3

d ln(aMaZ) ≈ − 2
3

d ln ct (5.22)

where we have used that aM ≈ const. because of the added 100 mM
KCl, and that aZ ≈ ct in this concentration range. Next, differentiat-
ing Eq. (3.9) and using Eq. (5.22) we obtain:

d ln cHZ = d ln(aHaZ) ≈ − 2
3

d ln ct (5.23)

Likewise, differentiating Eq. (5.4) and using Eq. (5.22) we obtain:

d ln c11 = dln(aHaZ) + d ln(aMaZ) ≈ 1
3

d ln ct (5.24)

The substitution of Eqs. (5.23) and (5.24) in the Gibbs adsorption
equation, Eq. (5.3), yields:

d�

kT
≈ −�11 − 2�HZ

3
d ln ct (5.25)

where the term with �̃Z has been neglected. In view of Eq. (5.25),
from the slope of the linear dependence in the region B in Fig. 13(b)
we determine:

�11 − 2�HZ = 2.564 �mol/m2 (5.26)

Combining Eqs. (5.19) and (5.26), we obtain that in region B the
adsorptions are � 11 = 2.933 �mol/m2 and � HZ = 0.184 �mol/m2.
In terms of surface area fractions, ϕY ≡ ˛Y� Y (Y = HZ, 11) with
˛HZ = 22.6 Å2 and ˛11 = 55.2 Å2, this result acquires the form:

ϕ11 = 0.97 and ϕHZ = 0.03 (region B) (5.27)

In other words, in region B 97% of the interface is occupied by 1:1
acid soap and only 3% by myristic acid (HZ). In other words, in region
B the interface is almost entirely occupied by 1:1 acid soap. Note
that in the region B we have 3:2 acid-soap precipitate in the bulk,
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Table 2
Comparison of results for the four investigated systems.

System (◦C) T (◦C) Region with HZ precipitate Region with j:n acid soap CMC (mM) Micelles coexist with j:n acid soap

KMy 40 ct < 7.5 mM – 7.5 j:n = 1:2; 
 = 0.3; log Kmic = −2.82
KMy 25 ct < 1.6 mM 1.6 − 10 mM, j:n = 1:1 10 j:n = 1:1; 
 = 0.5; log Kmic = −3.07
87.5% KMy + 12.5 % HZ 25 ct < 2.4 mM 2.4 − 13 mM, j:n = 1:1 13 j:n = 1:1; 
 = 0.5; log Kmic = −3.07
87.5% KMy + 12.5 % HZ + 100 mM KCl 25 ct < 0.4 mM 0.4 − 5 mM, j:n = 3.2 5 j:n = 3:2; 
 = 0.6; log Kmic = −3.08

which is the reason for the decrease of the surface tension, �, in
this region. Indeed, if the soap were of 1:1 type simultaneously in
the bulk and at the surface, then � would be constant because the
presence of precipitate would fix the chemical potential of the 1:1
acid-soap complex.

Finally, in the region C (Fig. 13b), i.e. above the CMC, the micelles
coexist with 3:2 acid soap. Consequently, Eqs. (4.27) and (5.21) are
simultaneously fulfilled, and in addition aM ≈ const. because of the
added 100 mM KCl. The latter three equations fix the values of aH, aM
and aZ, and then the Gibbs adsorption equation implies � ≈ const.
in agreement with the data in region C (Fig. 13b).

5.5. Comparison of results for the different systems

Results for the four investigated systems are compared in
Table 2. At the lower concentrations, all systems contain myristic
acid (HZ) precipitate. With the further increase of ct, the HZ pre-
cipitate is replaced by acid-soap precipitate. The latter appears at
lower carboxylate concentrations when KCl is added (the last row
of Table 2). The rise of temperature and KCl concentration leads to
lower CMC. At temperature 25 ◦C, the type of the acid soap is the
same below and above the CMC. At temperature 40 ◦C, acid soap
is absent below the CMC and 1:2 acid soap is present above the
CMC. The degree of counterion binding to the micelles is lower at
40 ◦C, 
 = 0.3; it is the highest in the presence of 100 mM added KCl,

 = 0.6. The values of the micellization constant at 25 ◦C, determined
independently for the three investigated systems, are practically
coinciding, −log Kmic = 3.07–3.08, which confirms the adequacy of
the used theoretical model. The value obtained at 40 ◦C is only
slightly smaller, viz. −log Kmic = 2.82.

At 25 ◦C it was possible to collect sufficient amounts of acid-soap
crystallites from the solutions by filtration. Further, these crystal-
lites were subjected to analysis to determine their stoichiometry,
j:n. The used procedures and the obtained results are described
in reference [36]. In all investigated cases, the results for j:n from
this independent analysis coincide with the results obtained in the
present article on the basis of interpretation of pH and conductivity
data; see Table 2 in reference [36].

As seen in Table 2, acid-soap crystallites of 1:2, 1:1 and 3:2 sto-
ichiometries have been identified in the investigated systems. The
interactions that govern the acid-soap stoichiometry are (i) the for-
mation of a hydrogen bond between the fatty acid (HZ) and neutral
soap (MZ) molecules, and (ii) the different possible ways of coor-
dination of the alkaline ion (in our case K+) with the carboxylate
oxygen atoms; see e.g. ref. [3].

6. Summary and conclusions

In the present study, we carried out parallel pH, conduc-
tivity, and solubilization measurements, which indicate that
micelles are present in KMy solutions at the higher concentrations
(Figs. 2 and 4), in contrast with the results for NaMy, where no
micelles were detected at 25 ◦C (see Fig. 1 and reference [17]). The
direct observations show that crystallites are present in the micel-
lar solutions (Figs. 3 and 4). Theoretical expressions describing the
concentration dependences of conductivity and pH of the solutions
that contain coexisting micelles and crystallites are derived (Section

4). By comparison of theory and experiment, for each specific sys-
tem we determined the micelle charge and the stoichiometry of the
soap crystallites. Diagrams showing concentrations of all species in
the solution, are built up (Figs. 9b, 10a, 12b and 13a).

The comparison of theory and experiment indicates that the
undissociated fatty acid, HZ, is incorporated in acid-soap crys-
tallites, i.e. HZ behaves as initiator of crystallization. The rest of
dissolved carboxylate, MZ, forms micelles that are composed only
of carboxylate anions, Z−, and bound counterions, M+. Above 2–3
times the CMC, the main mass of the carboxylate is in micellar form,
despite the presence of coexisting acid-soap crystallites (see Figs.
9b, 10a, 12b and 13a).

Surface tension isotherms are obtained and interpreted know-
ing the bulk concentrations of the species in the solutions. The
adsorption layer is composed mostly of 1:1 acid soap and HZ, the
adsorption of Z− (and the surface charge) being low, c.a. 1% (see
Figs. 10b and 13b), and the related text. Not only the appearance of
micelles, by also the change in the stoichiometry of the acid soaps in
the solution leads to kinks, and even jumps (Fig. 13b), in the surface
tension isotherm.

The results for acid-soap stoichiometry j:n, obtained here from
the data for pH and � vs. ct, have been verified by independent anal-
ysis of crystals collected from the solutions [36]. In all investigated
cases, the two methods give coinciding results [36].
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