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ABSTRACT

The titration curves and the temperature-pH phase diagrams have been drawn for dilute aqueous
solutions of alkenesuccinates with alkene groups of C,,, C,, and C,¢. The titration curve shifts to
higher pH with increasing surfactant concentration or alkene chain length and for potassium salt
rather than sodium salt. At lower temperature, the phase diagram shows the wide precipitation
region below pH 5.5 and the second precipitation region at higher pH. At higher temperature,
opalescence is exhibited between pH 3 and 7, and liquid-liquid phase separation occurs below pH
3. The effects of surfactant concentration, alkene chain length, and counterion species on the
phase diagram are discussed.

INTRODUCTION

Alkenesuccinic acid (C,SA), CH,(CH,),_,CH=CHCH,CH(COOH)-
CH,COOH, is nonionic at acid pH and changes into ionic form at neutral and
alkaline pH. This surfactant shows some characteristic properties in dilute
aqueous solutions: C,,SA gives viscoelasticity, spinnability and the Weissen-
berg effect at partially neutralized states [1]. C,gSA exhibits iridescent phe-
nomena in the concentration range of 1-2 wt% [2].

In this paper we draw the titration curves and temperature-pH phase dia-
grams for dilute aqueous solutions of dipotassium and disodium alkenesucci-
nates (C,SAK, C,,SANa) and C,SA at various surfactant concentrations. The
effects of alkene chain length, n=12, 14 and 16, and counterion species, K* or
Nat, will be discussed.

0166-6622/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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EXPERIMENTAL
Materials

Samples of C,SA, CsSA, C,SAK, C,,SAK, C,;SAK, and C,,SANa were
prepared in the same way as previously described [1,2]. C,,SA was prepared by
hydrolyzing alkenesuccinic anhydride and recrystallizing from acetone. C,SAK
and C,,SANa which were obtained by neutralization of C,,SA were precipitated
and recrystallized from acetone. The results of gas chromatographic analysis
were as follows: C,,SAK: C,,SAK, 99.12%, C,,SAK (isomer), 0.37%, C,sSAK,
0.35%; C16SAK: CsSAK, 98.25%, C,gSAK (isomer), 1.01%, C,,SAK, 0.70%.

Water was redistilled from alkaline potassium permanganate and carbon
dioxide gas was removed by boiling for one hour. Standardized solutions of
HCl and KOH were purchased from Wako Pure Chemical Inc. Ltd, Osaka.

Preparation of solutions

Aqueous solutions of C,SAK and C,,SANa at surfactant concentrations of
0.02~0.5x1072 gcm~* and of C,,SA and C,4SA at 0.1 X 10" ? gcm~? were
prepared, and an adequate amount of standardized solution of HCI or KOH
was added to them in order to adjust pH. After they had been kept overnight
at 50°C, pH of each solution was measured. Solutions of C,,SAK at surfactant
concentrations more than 0.5X 10~2g cm =% and of C,,SA, C,;SA, C,,SAK and
C,6SAK above 0.1 X 1072 g cm ~? precipitated over a wide pH range. The stand-
ardized solution of HCI or KOH was added to solutions by microsyringe in
such small amounts that no correction for concentration change was carried
out.

Measurements

The pH of solutions was measured on an Iwaki Glass pH/ion meter M-225
under a nitrogen atmosphere, and the degree of ionization, «, was calculated
from the difference between the total amount of HC] or KOH added to a so-
lution and the amount of free HCl or KOH, according to the equation

o= (CH*,total _CH+,free )/C

or

A= — (COH—,total - COH—,free )/C

where C is the molar concentration of surfactant. The pH was determined with
an accuracy of +0.005.

In order to draw the phase diagram, the solutions were once cooled and pre-
cipitated, and then they were kept in a water bath at a desired temperature for
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Fig. 1. (left) The titration curves for aqueous solutions of (a) C,,SAK and (b) C,,SANa. Surfac-
tant concentration (10~2g cm~2): (@) 0.02; (W) 0.04; (O) 0.1; (O) 0.3; (A) 0.5. Appearance
of solution: (—) clear; (---) opalescent.

Fig. 2. (right) The titration curves for aqueous solutions of C,SAK and C,SA. Surfactant and its
concentration (1072 gem™2): (a) C,SAK, 0.04; (b) C,SAK, 0.1; (¢) C,SA, 0.1. (O) C,,8AK;
(0) Ci.SAK or C,,SA; (A) C6SAK or C,gSA. Appearance of solution: (—) clear; (---) opales-
cent; (...) precipitated. The thick solid line drawn in (c) is the titration curve for aqueous solution
of C;,SA at surfactant concentration of 0.14 X 1072 g cm 2 from Ref. [1].

3 ~4 hours, within which the phase equilibrium was attained. Temperature
was varied from 0 to 75°C.

The disappearance of precipitation and the occurrence of phase separation
and opalescence were visually inspected.
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Fig. 3. The phase diagrams for C,,SAK in water. Surfactant concentration (10-2 g cm~—?): (a)
0.04; (b) 0.1; (c) 0.3; (d) 0.5. L, homogeneous region; L-L, two-phase region; O, opalescent region;
S, solid region.

RESULTS
Titration

Figure 1 shows the titration curves for aqueous solutions of C,,SAK and
C12SANa at various surfactant concentrations. While the solutions are clear
at neutral pH, they exhibit opalescence at acid pH. As the surfactant concen-
tration is increased, the titration curve generally shifts to higher pH. However,
this concentration dependence of the titration curve is reversed at pH lower
than 6 for solutions at 0.5X10~? g cm 2, which would be related to stronger
opalescence at the higher surfactant concentration. The titration curve of
C12SAK shifts to higher pH than that of C,,SANa.

The titration curves for aqueous solutions of C,SAK at surfactant concen-
trations of 0.04 and 0.1x10~? g cm~* are illustrated in Figs 2(a) and 2(b).
Solutions of C,;SAK separate precipitates at pH below 6. With increasing al-
kene chain length, the titration curve shifts to higher pH, and opalescence
appears at higher pH or at higher degrees of ionization. When the surfactant
concentration is increased from 0.04 to 0.1 x10~2 g cm ™3, the titration curve
shifts to higher pH and opalescence occurs at higher pH.

The titration curves of C,,SA and C,6SA at 0.1X 1072 g em ™3 are given in
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Fig. 4. The phase diagrams for C,,SANa in water. Surfactant concentration (1072 g cm™3): (a)
0.1; (b) 0.3; (c) 0.5. The signs in figure have same meaning as those in Fig. 3.

Fig. 2(c), which also includes a curve from Ref. [1] for solutions of C,,SA at
0.14x 1072 g em—2 titrated by NaOH. For « below 0.9, the titration curve
changes sharply with an increase in pH, and it shifts to higher pH with increas-
ing alkene chain length. On the other hand, at ®=0.9~ 1, the titration curve
is drifted to higher pH, very differently from that of C,SAK.

Phase diagram

Figure 3 illustrates the phase diagrams for aqueous solutions of C,,SAK at
various surfactant concentrations. A solution of C;,SAK at 0.04 X 10" ?gcm ™3
gives precipitates at pH lower than 5.5 and at temperatures lower than 52°C,
and a solution at high temperature exhibits opalescence below pH 4.6. For a



80

pH pH

Fig. 5. The phase diagrams for C,SAK in water. (a,b) C,,SAK; (c,d) C,;SAK. Surfactant con-
centration (1072 g cm™*): (a,c) 0.04; (b,d) 0.1. The signs in figure have same meaning as those
in Fig. 3.
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Fig. 6. The phase diagrams for C,SA in water at 0.1 X102 gcm~*. (a) C,,SA; (b) C,;SA. The
signs in figure have same meaning as those in Fig. 3.

solution at 0.1 X 1072 g cm ~?, while opalescence is observable up to pH 5.6, the
liquid-liquid phase separation is manifest below pH 2.8. Moreover, the second
precipitation region appears at pH 5.5-5.8. Although one can interpret this
region as an extension of the first precipitation region, we have chosen to dis-
tinguish them, because the second precipitation region generally has a peak
around the limiting pH of the appearance of opalescence. With increasing sur-
factant concentration, the regions of second precipitation and opalescence ex-
tend to higher pH.
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Figure 4 indicates the phase diagrams for aqueous solutions of C;,SANa.
The phase diagram and its concentration dependence are very similar to those
for C,,SAK, but the pH region of second precipitation is narrower for C;,SANa
than for C,,SAK: the second precipitation arises at pH 5.5-6.5 for C,,SANa at
0.5% 1072 g cm 2, while its region spreads to pH higher than 7 for C,,SAK at
the same surfactant concentration.

The phase diagrams for aqueous solutions of C;,SAK and C,;SAK are given
in Fig. 5 and compared with those of C,,SAK in Fig. 3. For solutions at
0.04 X 10~% g cm 3, the precipitation region widens to higher pH and temper-
ature with an increase in alkene chain length, and stronger opalescence arises
at higher pH. The liquid-liquid phase separation occurs below pH 3 for C,,SAK
and C,;SAK, while it is not observed for C,,SAK. Although the second precip-
itation region is not clear for solutions at 0.04X10~2 g cm~3, it appears at
0.1xX10~%g cm~? and spreads to higher pH with increasing alkene chain length.

The phase diagrams for aqueous solutions of C,,SA and C;sSA at 0.1 x 102
g cm~? are shown in Fig. 6. They are very similar to those of C;,SAK and
CsSAK, except that the pH region of second precipitation is narrower for
C,4SA than for C;,SAK.

DISCUSSION

The critical micelle concentration of C,,SA at 45 to 70°C was previously
determined by surface tension, solubilization and electric conductivity meth-
ods, and it was found to depend on the degree of ionization between a=0.7
and 1.0 and alkene chain length, n=12, 14, or 16 [1]: alkenesuccinate ions
formed at neutral pH associate into micelles at higher concentration than non-
ionic alkenesuccinic acid at acid pH. While the surfactant concentrations of
some solutions at « higher than 0.8 in the present work are lower than the
critical micelle concentration, solutions at « below 0.8 should have micelles in
them.

Asseen in Figs 1 and 2, the degree of ionization of alkenesuccinic acid changes
sharply at pH 5-7. The titration curve shifts to higher pH with increasing
surfactant concentration and alkene chain length and with replacing counter-
ion species, Na*, with K+,

While the pK values of succinic acid are 4.2 and 5.6 [3], alkenesuccinic acid
seems to have only one pK value around 5-7. It has reported that the titration
curves for nonmicellar solutions of carboxylate soaps had an inflection, but
those of micellar soap solutions provided two inflections [4]. Aqueous solu-
tions of lithium and potassium dodecanoates exhibited a transition curve of
two steps [5,6], while sodium oleate gave one-step transition {7]. Accompa-
nying the inflection of the titration curve, the occurrence of precipitates [4-
6], droplets [3,6,7], or liposomes [3,6] has been reported for solutions of car-
boxylate soaps.
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Being associated with the variation of the titration curve, the temperature—
pH phase diagrams of alkenesuccinates in water also change, as shown in Figs
3-6. At pH lower than the inflection of the titration curve where virtually non-
ionic alkenesuccinic acid is formed, the precipitation occurs at lower temper-
ature, and opalescence or liquid-liquid phase separation arises at higher
temperature, depending on surfactant concentration, although the dependence
of liquid-liquid phase separation on surfactant concentration is rather less.
Micelles constituted from nonionic surfactant have a lower solubility and tend
to coagulate, resulting in precipitation, opalescene, or the formation of oil
droplets.

On the other hand, the second precipitation occurs above pH 5.5. Precipi-
tates must be formed by alkenesuccinate salt, since the pH region of the oc-
currence is higher than the inflection of titration curve. The formation of second
precipitation strongly depends on surfactant concentration, being associated
with the formation of micelles: alkenesuccinate ions form small ionic micelles,
because of electrostatic repulsion between them. When the content of micelles
increases over their solubility in water with an increase of surfactant concen-
tration, precipitation occurs.

When counterion species, K*, is replaced by Na*, the phase diagram is in-
fluenced in such a way that the pH region of second precipitation becomes
narrow at higher pH, possibly because of the salting-out effect caused by ca-
tionic species.

The effect of alkene chain length on the phase diagram is remarkable: the
temperature or pH region of precipitation and opalescence widens and the crit-
ical concentration of liquid-liquid phase separation lowers. This behavior must
be attributed to the increase in the hydrophobicity of the surfactant.

The solution behavior of surfactants with carboxylate group associated with
titration has been discussed by several workers [1,3-9]. Eagland and Franks
[8], Lucassen [9], Feinstein and Rosano [4], and Mino et al. [5] indicated
the existence of acids, acid-soap complexes, soaps and their aggregates in so-
lutions or precipitates of carboxylate soaps and evaluated their composition
from the theoretical analysis of titration curves.

Hargreeves and Deamer [6] and Haines [3] discussed the possibility of the
formation of stable acid-soap pairs through unusually strong hydrogen bond-
ing results in the construction of liposomes from single chain carboxylate soaps
and their proton-pumping ability. Drzymala [7] considered chemical species
in the bulk and on a droplet surface of aqueous droplet dispersions from the
titration curves of sodium oleate.

Tsujii et al. [1] reported that dynamic rigidity, surface tension, and specific
conductivity of aqueous C,,SA solutions are quite unique at pH 5~7 or
a=0.2~0.8. They interpreted this behavior as being the result of the variation
in micelle shape, i.e., the formation of rod-like micelles, depending on pH. Sim-
ilarly to carboxylic acids, alkenesuccinic acid has a structure capable of form-
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ing an intermolecular acid-ion hydrogen bond at half neutralization as well as
an intramolecular hydrogen bond. Such acid-ion pairs stabilize micelles and
then the mixed micelles should become large at this pH region.

Recently, Satoh and Tsujii [2] have found that aqueous solutions of C,sSA
at a concentration of 1-2 wt% exhibit iridescence, suggesting the formation of
lamellar liquid crystal with extremely long spacing distance. Aqueous solutions
of alkenesuccinates are opalescent in pH region 3-7, even at low surfactant
concentrations of less than 0.5 X 1072 g cm 3, This suggests that lamellar-like
micelles are formed in opalescent solutions.

In conclusion, the variation in micelle shape of alkenesuccinates with a
change of pH can be estimated as follows:

(1) At high pH, small ionic micelles are formed and they are generally sol-
uble in water.

(2) When pH is decreased to around a=0.5, large micelles stabilized by
acid-ion pairs are formed. They are insoluble in water at room temperature.

(3) At low pH, less than av=0.5, mostly nonionic micelles take a lamellar-
like shape and their solutions at high temperatures are opalescent.

(4) Below pH 3, fully nonionic micelles or surfactants have less affinity for
water even at high temperatures and solutions separate into solute-rich and
poor-liquid phases.
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