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The literature data bear witness to strong synergistic effects in mixed aqueous solutions of alkylamine
oxides and alkyl sulfates. Physicochemical properties of these systems depend essentially on pH, which
is due to protonation of amine oxide. Interplay of several types of intermolecular interactions including
chemical ones results in complex phase diagrams. New experimental data presented in the paper refer
to the solid—liquid equilibrium (the Krafft boundary), the composition of crystallizing complexes, and the
critical micelle concentration (cmc) in mixed agueous solutions containing dimethyldodecylamine oxide
and sodium or magnesium dodecyl sulfate. The temperature maximum suggesting the formation of a 1:1
amine oxide—dodecyl sulfate complex is observed at the curves of dissolution temperature versus surfactant-
based composition; the shape of the curves indicates that complexes of other stoichiometries can be formed
in solutions enriched with amine oxide. The dissolution temperature for the 1:1 mixture (and correspondingly,
the concentration of the complex in the solution) grows with growing acidity. In both systems under study,
the dissolution temperature becomes 48 °C at a pH of about 5 and does not change on further pH lowering.
Chemical analysis has shown that the solid phase precipitated from basic solutions contains metal ions
whereas at pH < 5 the complex between the protonated amine oxide and dodecyl sulfate anion is crystallized.
The cmc value for 1:1 acidic mixtures does not depend on the cation nature and is 2 orders of magnitude
lower than that for solutions at the natural pH (which are slightly basic). The pseudophase model taking
into account the reactions of amine oxide protonation and 1:1 complex formation reproduces satisfactorily
the pH effect on the solubility diagrams in the dimethyldodecylamine oxide—sodium dodecyl sulfate—

water system.

1. Introduction

Aqueous mixtures of alkylamine oxides and dodecyl
sulfates draw much attention owing to their peculiar
physicochemical behavior and miscellaneous applications.
Various data, in particular those on concentration de-
pendence of the surface tension, critical micelle concen-
tration (cmc), Krafft temperature, pH, viscosity, foaming,
solubilization, and so forth!~° give evidence of strong
synergistic effects on addition of anionic surfactants to
alkylamine oxides which are classified as semipolar
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surfactants. Interplay of several types of intermolecular
interactions including chemical ones results in complex
phase diagrams for the systems of interest. Among other
properties, the phase boundaries for the micellar region
in ternary systems amine oxide—anionic surfactant—water
are of substantial interest. In the present study, primary
attention is paid to the dissolution temperature—compo-
sition diagram (the Krafft boundary) for mixed micellar
solutions containing dimethyldodecylamine oxide (C1,AO,
AO) and sodium or magnesium dodecyl sulfate (NaDS or
Mg(DS),), the dependence of the temperature on the
overall and relative concentration of the surfactants and
on pH, the composition of the solid phases crystallized
from various mixtures, and thermodynamic approaches
to description and prediction of the phase behavior.
Specificity of the dissolution temperature versus surfac-
tant-based composition dependence for the C;, AO—NaDS—
H,O system was marked in ref 11. The authors report
that the solubility curve exhibits two eutectic-looking
minima and an interstitial maximum at C,AO/NaDS =
3:1 (n = 12, 14) giving evidence of complex formation.
However, the solubility diagram was studied only at
natural pH. The data on the phase behavior for mixtures
of amine oxide with magnesium dodecyl sulfate are
missing in the literature. The effect of pH upon the
solubility diagrams was not investigated for the mixed
micellar systems mentioned above or for any similar
surfactant mixtures.
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2. Overview of Studies on Aggregation and
Chemical and Phase Behavior of Aqueous
Mixtures of C,AO and NaDS

The properties of solutions containing an amine oxide
are affected by the following peculiarity of its headgroup:
the N—O bond has a pronounced dipole moment equaling
4.38 D.*? The excessive electron charge localized on the
O atom makes it a proton acceptor capable of formation
of strong hydrogen bonds.** On the other hand, this
excessive charge predetermines the amphoteric character
of the surfactant that can exist in nonionic and cationic
forms. In the case of C1,AQ, the equilibrium between these
moieties can be described as

C,,AOH" = C,AO + H* 1)
Ac,,n0 BH+
A S )
C,,AOH+

where K, is the dissociation constant, a; is the activity of
species i (i = C1,A0, C1,AOHT, HT). The definition in eq
2 gives the true thermodynamic equilibrium constant,
which is independent of the surfactant concentration and
pH. If the relevant choice of the reference state is made,
the activities ac a0 and ac,,aon* can be equalized with the
molar concentrations of the corresponding species in highly
diluted solutions. The apparent dissociation constant Ky,
can be introduced as

_ Cepnoan:
Kapp T C. 3)
C1,AOH

This quantity is concentration dependent and becomes
equal to K, at high dilutions.

As stems from eq 1, in the basic media amine oxide will
behave as a typical nonionic surfactant, and in the acidic
solutions it will manifest the properties of a cationic one.
According to the literature data, aliphatic amine oxides
are weak bases with characteristics close to those of the
acetate ion. Like other amphoterics containing weak
groups, amine oxides show considerable buffering in
distinction to strong acids or strong base surfactants.

Estimation of equilibrium constants in highly diluted
solutions (below the cmc) does not encounter any specificity
compared to reactions occurring in typical solutions of
weak electrolytes. However, in describing chemical equi-
libriain the concentration range beyond the cmc one should
take into account that the protonation degree of amine
oxide in micelles and in the aqueous medium is not the
same. Nonideal behavior of the mixture of protonated and
neutral forms of amine oxide in micelles is a problem of
great concern. The established negative deviation from
ideality is ascribed to the electrostatic effect: the Coulomb
repulsion among positively charged headgroups tends to
diminish when they are mixed with neutral ones.'#1®
Association by hydrogen bonding may also exert a
considerable effect on equilibrium characteristics of the
protonation reaction.6:7
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In refs 14—17, two apparent protonation constants
dependent on pH are viewed: those for monomers and
micelles. The value of pKg, for the monomer form (4.8—
5.0 at 25 °C, concentrations C in eq 3 being in mol/dm?)
is lower than that for the micelles (5.6—6.0), both
increasing linearly with the salt concentration.'® Rathman
and Christian®® in the frame of the pseudophase model
have shown that the constant K, expressed through the
activities of protonated and neutral amine oxide in micelles
is approximately equal to the apparent concentration
constant K, for monomer forms.

The amphoteric character of C,AO is responsible for
the pronounced dependence of micellization characteristics
on pH, the cmc versus pH curves exhibiting a mini-
mum.141517 The shape of micelles and their sizes are also
affected by the acidity of the solution.?3%~20 The domina-
tion of nonprotonated moieties at high pH favors the
enlargement of aggregates.

The phase diagrams of the C;,AO0—H,0 and C;,AO—
HCI—H,0 systems were investigated on the basis of small-
angle X-ray diffraction, NMR, polarized light microscopy,
and differential scanning calorimetry (DSC).?*~2* The solid-
state phase behavior of C;,AO was studied and interpreted
with regard to protonation and counterion effects in ref
25. The phase diagram of the C;,AO—H,0 system was
considered in ref 26. The lower temperature boundary for
the micellar solutions in the C;,AO0—H>0 and C,AO—
H,O systems is determined by ice formation (approxi-
mately 0 °C).

In the ternary systems C,AO—NaDS (Mg(DS),)—H-0,
protonated amine oxide turns out to be involved in several
types of rather strong bonding interactions of its headgroup
with that of the anionic surfactant. They are electrostatic
ion—ion interactions, ion—dipole interactions, and hy-
drogen bonding. lon—ion electrostatic interactions pertain
to the straight interaction of the protonated form of amine
oxide with the negatively charged dodecyl sulfate ions.
This type of interaction is typical for anionic/cationic
surfactant mixtures?” and may result in formation of a
1:1 complex. Strong ion—dipole interactions are due to
the aforementioned dipole moment of the NO-group in
amine oxide. They occur between the positive portion of
the dipole (centered on N) and the negatively charged
sulfate ion. The structure which results from this interac-
tion is somewhat analogous to that of a double-tail anionic
surfactant. The ion—dipole interactions bring the AO and
DS~ moieties in close proximity, which leads to an
excessive crowding of the methylene tails, as is detected
in spectra for the CH-stretching region.! The large
reduction of the effective headgroup area provokes forma-
tion of rodlike micelles. Similar effects can be caused by
hydrogen-bonding interactions of hydrated headgroups
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of the surfactants. lon—dipole interactions and hydrogen
bonding may determine formation of complexes with
various stoichiometries, not solely 1:1 (contrary to the
case of the ion—ion interactions).

The complex character of interparticle interactions
predetermines peculiar structural and thermodynamic
properties of the ternary micellar solutions under discus-
sion, such as nonlinear dependence of pH, cmc, surface
and interfacial tension versus mixing ratio of surfactants,
strong synergistic effects manifested through a high
tendency to self-ordering in the mixture, a sophisticated
topology of the phase diagram, and so forth.

Contrary to the C,AO—cationic surfactant systems
displaying linear dependence of their natural pH on mixing
ratio, solutions formed by C,AO and anionic surfactants
exhibit a pH maximum.! The equimolar mixture of C;,AO
and NaDS with the overall content of the surfactants being
40 mM at 25 °C has a pH of about 10, whereas pH values
of solutions of each of the individual surfactants do not
exceed 8. Even small amounts of NaDS added to C;,AO
or C14,AO solutions shift pH considerably to higher values.
Negative deviations from the ideal behavior are appropri-
ate to the composition dependence of the cmc and the
partial molar volume.* Drastic changes in the rheological
behavior of the systems were registered in some composi-
tion intervals, viscoelastic properties being observed.®

The nonlinear concentration dependence of the ag-
gregation number and pH starts from the electrostatic
coupling between the protonated amine oxide and DS~
ions.? Evidently, the coupling causes a displacement of
the amine oxide protonation equilibrium expressed by eq
1 to the left side, and this is followed by a release of
hydroxyl ions and by an increase in pH.

As is mentioned above, the solubility diagrams for
ternary systems C,AO—NaDS—H,0 (n = 12, 14) are
discussed in ref 11. Mixtures with the overall content of
the surfactants being 100 mM were studied at natural
pH. The diagrams are not presented in the paper, but it
is reported that the addition compound between the
anionic surfactant and protonated amine oxide is formed.
The composition of the compound is determined as Cp-
AO/NaDS equaling 3:1; the Krafft temperatures are
around 26 and 17.5 °C for n = 12 and 14, respectively; in
the latter case the differential heat of dissolution of 26 kJ
mol~1 is given.

In the present work, the temperatures of the micellar
solution—solid phase equilibrium were determined in the
systems NaDS—H,0, Mg(DS),—H,0, C;, AO—NaDS—H,0,
and C;,AO0—Mg(DS),—H,0 over awide range of surfactant/
water and amine oxide/sulfate mole ratios (in the ternary
systems). Rather concentrated mixed micellar solutions
were under study (whereas most of the literature data on
the dissolution temperature in mixed systems relate to
surfactant concentrations not much higher than the cmc).
The solubility diagrams in the systems containing amine
oxide have been investigated at various pH values. The
effects of pH on the solubility diagram in mixtures of
anionic and semipolar surfactants were not studied until
now, and our goal was both to get experimental data and
to model the observed behavior with regard to chemical
processes in the system.

3. Experimental Section

3.1. Materials. NaDS (>99% purity) was obtained from Fluka
Co. Ltd. C1,AO was delivered by Hoechst Co. (Gendorf, Germany)
asa29.8wt % solution. The surfactants were used without further
purification. Mg(DS), was precipitated from an aqueous solution
of NaDS and MgCl, with a molar ratio of 2:1 by slow cooling of
the solution down to a temperature of 22—23 °C. The conditions
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of precipitation were chosen taking into account the character-
istics of the dissolution diagram in the system NaDS—MgCl,—
H,O. The obtained crystals of Mg(DS), were separated by
filtration, and then the sample was recrystallized twice from
distilled water and was dried until attaining a constant mass.
The purity of the product was examined by complexometric
titration with the disodium salt of ethylenediaminetetraacetic
acid (EDTA) and turned out to be 98%. Samples of crystal hydrate
MgCl,-6H,0 used in the work were of analytical grade. All of the
solutions were prepared using distilled or bidistilled water free
of CO..

3.2. Experimental Procedures. The study of the micellar
solution—solid phase equilibrium was performed mostly by visual
observations of the dissolution temperature when the investigated
heterogeneous mixture was slowly heated. In our experiments,
the samples were equilibrated at temperatures below that of
surfactant dissolution but higher (at least slightly) than that of
ice crystallization. The samples were prepared according to the
following procedure. The mixture (about 2 mL) made by weighing
was placed into a hermetically closed vessel or was sealed in an
ampule (the last procedure was applied to solutions with pH >
7 to prevent absorption of CO, during their long storage). The
sample was stored at 0 °C until the solid phase appeared. After
that, the two-phase mixture was kept for several days more to
accomplish the process of crystallization. Special care should be
paid to receive a stable solid crystal phase, and in some cases
more than a month was needed for this. In particular, mixed
basic solutions of C1,AO and NaDS at 0 °C can exist for a long
time in a metastable liquid state. When the temperature of such
metastable mixtures is decreased down to —1 °C, crystals of pure
ice easily appear, instead of the stable solid phase composed of
surfactants.

After the liquid solution—solid crystal equilibrium was at-
tained, the vessel (ampule) containing the two-phase system was
inserted into a glass container connected to a thermostat. Then
the heterogeneous sample was heated gradually; a magnetic
stirrer was used. We stepped the temperature up by 2—3 °C at
the beginning and by 0.2—0.3 °C when approaching the dis-
solution temperature. In the vicinity of the dissolution temper-
ature, the sample was kept at each step at least for 20—30 min
to ensure that equilibrium was established. The dissolution
temperature was estimated as an average of two temperature
values: the lower one was for the liquid system containing traces
of the solid phase, and the upper one was for the homogeneous
solution.

In the acidic medium (pH =< 5.5), some solutions were not
transparent and the conventional visual method could not be
applied. In this case, the dissolution temperature was measured
using a polarized light microscope (Reichert, Austria) equipped
with a heating stage.

For each sample, measurements were repeated several days
(sometimes weeks) later until a stable value of the dissolution
temperature was obtained.

The mean error in experimentally determined dissolution
temperatures is 0.3 °C for solutions of individual surfactants
and 1 °C for surfactant mixtures.

Calorimetric measurements of the temperatures and enthal-
pies of phase transitions were carried out for the precipitates
with a differential scanning calorimeter (DSC-111, Setaram) at
a heating rate of 1 °C min—1.

All pH measurements were performed at a temperature of 50
°C (in the absence of the solid phase) using the pH-150 pH meter
with a glass electrode and a silver/silver chloride reference
electrode.

X-ray powder diffraction was measured by an X-ray diffrac-
tometer (DRON 2.0, Russia), with graphite-monochromated Cu
Kal radiation being used. The scan speed and step size for 26
were 2° min~! and 0.1°, respectively.

The analytical procedure applied to determine the composition
of precipitated solid samples is described in part 4.3.

The cmc values in aqueous solutions of NaDS, Mg12DS, Ci,-
AO, and their mixtures have been measured using the dodecyl
sulfate selective electrode and by the contact angle technique.
The experimental procedure is described elsewhere.?8
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Figure 1. The dissolution temperature versus the concentra-
tion in the NaDS—H,0 system.

4. Results and Discussion

4.1. Solubility Diagrams for Individual Surfac-
tants. C;,AO—H,0. The measurements have shown that
micellar solutions in this system undergo ice crystalliza-
tion on cooling, and therefore the lower temperature
boundary for the solutions is around 0 °C (a bit lower than
0 °C).

NaDS—H,0. The temperature of surfactant dissolution
was measured in the range of concentration of micellar
solutions from 0.87 to 36.2 wt % of NaDS (Figure 1). Our
data are in good agreement with those from the litera-
ture.?®=31 According to the literature data, the dihydrate
of NaDS is crystallized from the micellar solutions. The
reported temperature for the Krafft point is 9 °C,%? and
cmc = 8.1-8.3 mM at 25 °C.3233

Mg(DS),—H,0. The Krafft boundary was determined
in the concentration range from 0.2 to 36 wt % of the
surfactant (Figure 2). The growth of the dissolution
temperature along this part of the boundary comprises
about 3 °C. In accord with ref 34, the allocation of the
Krafft point for Mg;,,DS ist =25 °C, and cmc = 1.8 mM.

4.2. Solubility Diagrams for Aqueous Mixtures of
Two Surfactants at Various Acidities. The following
composition variables are used below:

Xa0 , Xyl

Xpcr =

X' — - =
A0
Xupcr T Xao

Xpo T Xmens
Xtotal = Xa0 T Xmeps

where x; is the mole fraction of component i in the mixture;
Me = Na, Mg, (the concentration of magnesium dodecyl
sulfate is given in gram-equivalents, that is, related to
Mgl/zDS).
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Figure 2. The dissolution temperature versus the concentra-
tion in the Mg(DS).—H,0 system.
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Figure 3. Dependence of pH on x;,¢, for C;,AO—NaDS—HCI—
H,0 and C;,A0—Mg(DS),—HCI—H,0 solutions at Xao = Xmeps
= 0.0005 and t = 50 °C.

The solid—liquid phase equilibrium was studied along
the cross section of the composition triangle X = 0.001
(0.1 mol %) and in addition for the overall surfactant
content equal to 10 wt %. Measurements were performed
at natural values of pH and for more acidic mixtures. The
dependence of the dissolution temperature on X,o was
studied at a fixed value of xj,¢,. The relationship between
the latter and the pH value for mixtures at Xao = Xmeps
= 0.0005 and 50 °C is shown in Figure 3.

C1,AO—NaDS—H,0. Experimental results are pre-
sented in Figures 4—6. The left branch of the solubility
diagram (Figure 4) at a given pH corresponds to solutions
fromwhich NaDS crystallizes. This branch intersects with
the line of crystallization of the ice (at natural pH) or (in
more acidic mixtures) with the curve of crystallization of
the compound formed by amine oxide and dodecyl sulfate.
As is seen, the change in the acidity does not affect
substantially the slope of the branch of NaDS crystal-
lization, but the whole diagram changes drastically. Its
topology witnesses that in the acidic mixtures over a wide
range of middle concentrations the complex AO/DS = 1:1
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Figure 4. The dissolution temperature versus X,q in the Ci»-
AO—NaDS—HCI—H,0 system at Xt = 0.001.

Figure 5. The dependence of the pH value on X, in the Ci»-
AO—NaDS—HCI—H,0 solutions at Xt = 0.001.

is crystallized. The diagrams show that compounds with
other stoichiometries (presumably AO/DS = 4:1) can exist,
at leastat natural pH. From solutions with a high content
of amine oxide, ice is crystallized (the corresponding
horizontal line at 0 °C is very short).

The value of the dissolution temperature observed at
AO/DS = 1:1 grows when pH goes down to pH = 3—4. It
is seen in Figure 6 that the growth has a limit, viz., 48.2
°C attained at x,c; = 0.5. At X, = 0.8, the dissolution
temperature also increases with increasing acidity of the
solution, which gives evidence that both compounds are
formed with participation of protonated amine oxide. On
addition of the acid, the concentration of the protonated
form grows which causes the increase of the compound
concentration and the growth of the dissolution temper-
ature. In the basic medium, where the protonation reaction
is suppressed, formation of the 4:1 compound is not
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Figure 6. The dissolution temperature as a function of xi,¢,
inthe C;,AO—NaDS—HCI—H,0 system at Xao = Xnaps = 0.0005.
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Figure 7. The dissolution temperatures as a function of xy,oy

in the C;,AO—NaDS—NaOH—H,0 system at x,o = 0.8 and
Xtotal = 0.001; Xyaon = XnaoH/(Xao + XnaoH)-

observed; at x,o = 0.8 precipitation from solutions with
added NaOH starts around 0 °C (Figure 7).

C1,AO0—Mg(DS),—H,0. The data on dissolution tem-
peratures at various surfactant concentrations and pH
values are presented in Figures 8—10. The topology of the
solubility diagrams is similar to that for C;,AO—NaDS
mixtures, but formation of the 1:1 compound between C,-
AO and Mg;,,DS is well pronounced already at natural
pH. The “shoulder” in the range x5 = 0.6 suggests that
not only 1:1 compound is formed.

Figure 10 presents the dissolution temperature against
the amount of added HCI at an equimolar ratio of C;,AO
and Mg,,,DS. It is seen that with the increase of xi,, the
dissolution temperature at first decreases, then goes up,
and at last (xj,, > 0.55) takes nearly the constant value
of 48.5 °C.

4.3. Separation and Study of Solid Phases. Samples
of the solid phases formed in agueous mixtures AO/MeDS
= 1:1 (Me = Na, Mgs;) at various pHs were separated.
The mixtures under study are enumerated in Table 1.
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Figure 8. The dissolution temperature versus X, in the Cip-
AO—Mg(DS),—HCI-H,0O system at various pHSs; the total
surfactant content is 0.1 mol % (0.1 mol %, 10 wt % at natural

pH).
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Figure 9. The dependence of the pH value on X, in the Ci-
AO—Mg(DS),—HCI—H-0 solutions of various acidity, Xt =
0.001.

The investigated heterogeneous mixture prepared by
weighing was heated, and the solid phase was dissolved.
The obtained homogeneous solution was filtered, slowly
cooled to a temperature which was 6—7 °C lower than the
dissolution temperature, and then kept at constant
temperature for several days (deeper cooling was avoided
as in this case not only the solid phase, which is in
equilibrium with the saturated solution under study, but
also other compounds could crystallize). The deposited
crystals were separated from the liquid and dried in an
evacuated vessel containing CacCl,.

The results of the chemical analysis presented in Table
2 show that the content of magnesium in precipitates |- 1V
decreases with increasing acidity of solutions and at X,
beyond 0.4 (pH < 5) only its traces are registered. The
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Figure 10. The dissolution temperature as a function of i,
in the C1,LAO—Mg(DS),—HCI—H,0 system at Xao = Xmgy,Ds =
0.0005.

Table 1
mixture solid phase Xiel pH
C12AO—Mg1,2DS—HCI—H20 | 0 8.5
1 0.33 6.3
11 0.42 4.8
v 0.60 2.0
C12,AO0—NaDS—HCI-H,0 \% 0.60 2.0

Table 2. Results of the Chemical Analysis of the Solid
Phase Samples

wt %
calculated for
AOH*DS~
element | 11 11 v \Y complex

ca 54.2 59.4 62.0 62.7 63.5 63.0
Ha 10.2 10.7 11.3 114 11.7 11.6
N2 21 25 26 26 2.6 2.8
MgP 22 09 0.2 Mgintraces
Nac¢ Na in traces

aBurning. P Complexometric titration with EDTA. ¢ Emission
spectroscopy.

solid phases deposited at pH = 2 in system IV (with
Mg1,DS) and system V (with NaDS) are practically
identical; their composition corresponds to that of the
AOH™DS™ complex.

The likeness of the structures of samples IV and V is
confirmed by X-ray diffraction experiments; the powder
diffraction patterns are given in Figure 11.

Similar results were obtained in the DSC measure-
ments. The DSC thermograms for crystal samples 1V and
V are quite similar and differ from those for samples I-111.
For samples 1V and V, three phase transitions were
observed in the DSC patterns. They correspond, from the
low-temperature side, to the transition between solid 1
and solid 2 (t =62 °C, AH = 62.8 J/g), the melting of solid
2 to the liquid crystal (LC) (t = 92 °C), and the transition
from the LC phase to the isotropic liquid (t = 97 °C). This
phase sequence was confirmed by observation in polarized
light. Only two phase transitions were observed for the
nonionic species (sample 1). They correspond to the
transition between a solid and the LC phase (t = 65.8 °C,
AH = 167.0 J/g) and to that from LC to an isotropic liquid
(t > 110 °C).
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Figure 11. Powder diffraction patterns of crystals IV and V.
Table 3. Critical Micelle Concentration [mM] for

Aqueous Solutions of the Individual Surfactants and
Their Equimolar Mixtures, t = 50 °C

pH NaDS Mg]_/zDS C1,A02 C1,A0O—NaDS CleO—Mgl/zDS

natural 9.5 1.4 1.6 0.65 0.25
2 0.003 0.003

a Measured by the contact angle technique at room tempera-
ture.

Thus, the study performed by various techniques gives
evidence that the composition and structure of solid phases
IV and V are identical, with these phases presenting
crystals of the AOH*DS~ compound.

4.4. Critical Micelle Concentration. The results of
the cmc measurements performed at 50 °C by the
potentiometry method (using a dodecyl sulfate selective
electrode) and by the contact angle technique are presented
in Table 3. The cmc values obtained for aqueous solutions
of NaDS, Mg(DS),, and C;,AO agree well with the
literature data (the latter relate to other temperatures,
but the temperature dependence of the cmc is not great).
The data obtained for mixed solutions of amine oxide and
sodium (magnesium) dodecyl sulfate show the drastic
effect of acidity on the cmc value in these mixtures. As is
seen for the acidic mixtures (pH = 2), the cmc value is 2
orders of magnitude lower than at the natural pH (~8)
and it does not depend on the cation nature. This cmc
value is of the same order as that for nonionic surfactants
with a double hydrophobic tail.

Itwould be of great interest to investigate the structure
of aggregates forming at cmc.

5. Thermodynamic Modeling of Solid—Liquid
Equilibria in the Ternary System
C1,AO0O—NaDS—H,0

Strong synergistic effects depending on pH and a
sophisticated topology of phase diagrams are peculiarities
of the C;,AO—NaDS—H,0 system. The shape of the
solubility diagram indicates that the two surfactants form
additional compounds. The temperature maximum relat-
ing to the formation of the 1:1 complex is distinctly
pronounced, especially at lower pH. The growth of the
maximum temperature with growing acidity (down to pH
= 3) is the indication of the increasing concentration of
the complex. For the sake of simplicity in modeling the
pH effect on the solid—liquid equilibrium, we confine
ourselves to considering solely the 1:1 compound. Pos-
sibilities of formation of other compounds in mixtures
enriched in amine oxide will not be discussed herein.
Consequently, we view only the range of concentrations
from pure NaDS to its surfactant-based mole fraction 0.5.

Smirnova et al.

The first model consideration of the system under study
was proposed in ref 35. A modified version of the model
giving a better account of the effects of molecular sizes is
proposed below.

The pseudophase separation approach will be applied
to aqueous micellar solutions of NaDS and C;1,AO where
the following chemical reactions occur (hereinafter we use
the brief designation AOS for the complex):

AO +H"=AOH" and AOH"+ DS =A0S (4)

The discussion below pertains to surfactant concentra-
tions significantly above the cmc (the overall surfactant
content is fixed, Xgtar = 0.001). In this region, the composi-
tion of mixed micelles is approximately equal to the overall
surfactant-only based composition of the solution (X,
XNaps = 1 — Xao)- The “true” equilibrium composition of
the micellar system is described by the variables z; = m;/
(Mao + Maps), where m; (i = AOS, DS—, AO, AOHY) is the
number of moles of the various species, and mac and Myaps
are the overall numbers of moles of the surfactants. The
activities of the species are estimated in the approximation
of the athermal mixture of monomers (DS-, AO, AOH™)
and dimers (AOS). Evidently, for the volume fraction of
monomers we have ¢; = z;, for the complex @aos = 2Za0s.
According to the Flory equations,

Ina, =Ing; + @aos/2  wherei=DS", AO, AOH"

INayos = 1IN @aos = 1+ @aos (5)
The conditions of chemical equilibria can be written as

_ ProH+ and Kuos = Pnos ©)
Pbs- PaoH+

K. =
® a0 x 107P1

where K}, = 1/K, is the protonation constant.

The true composition can be found from these equa-
tions and the material balance constraints:

Ppos!2 T Pao T Paonr = Xao
Ppos/2 T @ps- =1 = Xpo (7)

The following quadratic equation results from egs 6
and 7:

2 1 1 1
14 — >+ 1+ +
Pnos ¥nos|7 KAOS\ 1opHK;)]

Xao(1 — Xa0) =0 (8)

Knowing the values of K, and Kaos (which are assumed
to be temperature independent), one can find the true
concentrations of various species in a mixture of a given
surfactant-based mole fraction X, at fixed values of pH.
These values of true concentrations are substituted into
relationships describing the solubility curves.

For concentrated solutions of ionic surfactants, it is
convenient to describe thermodynamic conditions of the
micellar solution—solid surfactant equilibrium in terms
of the composition variables of micelles such as in the
case of nonionic surfactants, because the degree of
counterion binding is close to unity.%®

The solubility diagram in the concentration range 0.0
< Xpo = 0.5 is presented by two intersecting branches,

(35) Smirnova, N.; Vlasov, A. Fluid Phase Equilib. 1999, 158—160,
511-522.
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Figure 12. Dissolution curves in the C;;AO—NaDS—H,0
system calculated by eqs 5—10 at a total surfactant content

equal to 0.1 mol % (pH = 7.2 and pH = 2.0, T"NaDS = 288.2 K)
and 10 wt % (pH = 6, Tps = 292.2 K); AHnaps = 35 kJ mol 2,

AHpos =60 kd mol=%, Ta o = 321.4 K, Kaos = 2.3 x 103, Points
present experimental data.

which are the curves of crystallization of NaDS (its
hydrate) and AOS. For the first curve, we can write

AHyaps[ 1 1
In ayaps = — R r? s ] 9)
l TNabs
and for the second one,
AH
Inay = — —sosfl 1 ] (10)

R I_T Tgos
where T;° is the dissolution temperature and AH; is the
differential molar enthalpy of dissolution of the pure
componenti (i=NaDS, AOS) at agiven value of the overall
surfactant content.

According to the literature and our data, for NaDS
AHpnaps = 35 kJ/mol, and at X¢ta = 0.001 T°NaDS = 288.2
K. The enthalpy of dissolution of the pure AOS complex
was estimated from the experimental solubility diagram
at pH =2 by applying eq 10 and supposing that the entire
amount of amine oxide enters the complex, which corre-
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Sponds to @aos = 2Xag; IN @aos = IN(2X,0) — 1 + 2X,o. ONe
gets AHaos = 60 kd/mol (T = 321.4 K). The constant
of the complex formation was adjusted to the data at pH
=7.2. The value giving a good fit of the results calculated
by egs 8—10 to the experimental dissolution diagram is
Kaos = 2.3 x 10%. For the protonation constant K}, the
value 3.3 x 10* obtained from potentiometric titration
experiments was taken (it agrees well with the value from
ref 15). The procedure of a simultaneous adjustment of
the enthalpy and the constant of complex formation gives
values very close to that above. The estimated constant
of complex formation relates to a concentrated micellar
system and evidently differs from that for the reaction
between monomer species in diluted aqueous solutions.

As is seen in Figure 12, the calculations reproduce
general tendencies in location of the solubility curves in
the aqueous mixture C;,AO—NaDS at various pHs. The
predicted dissolution curve at pH = 6 and a total surfactant
content of 10 wt % is in satisfactory agreement with the
experimental data.

Assuming the formation of the 1:1 complex, one can
describe the solubility diagram in the range of mixing
ratios C1,AO/NaDS from 0:1 to 1:1. As for mixtures
enriched with amine oxide where nonequimolar complexes
can be formed, further experimental and theoretical
studies would be of interest.

6. Conclusions

Strong synergistic effects are responsible for the specific
phase behavior of amine oxide—sodium (magnesium)
dodecyl sulfate micellar solutions.

The dissolution temperature and the cmc value are
greatly dependent on the relative surfactant concentration
and pH.

The phase diagrams in the two studied systems Cj,-
AO—MeDS—H,0 are quite similar at low pH and differ
at the natural acidity.

At low pH, the complex AOH"DS™ is crystallized over
a wide range of surfactant-based concentrations.

The pH effect on the solubility diagrams of semipolar-
anionic surfactant mixtures, not studied so far, was
satisfactorily reproduced for the C;;,AO0O—NaDS—H,0
system by the proposed version of the pseudophase model
considering the reactions of the amine oxide protonation
and the 1:1 complex formation.
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