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Solubilization of n-Alkylbenzenes into Octaethylene Glycol
Mono-n-tetradecyl Ether (C14Es) Micelles
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Solubilization of benzene, toluene, ethylbenzeneropylbenzeney-butylbenzene, and-pentylbenzene into the
micelles of octaethylene glycol monotetradecyl ethasfg) was studied, where equilibrium concentrations of all the
solubilizates were determined spectrophotometrically at 298.2, 303.2, and 308.2 K. The concentration of the above
solubilizates except benzene remained constant below the critical micelle concentration (cmc) and increased linearly
with an increase in GEg concentration above the cmc, whereas benzene concentration was found to remain constant
over the whole concentration range ofEs. The Gibbs energy changAGP) for their solubilization was evaluated
by the partitioning of the solubilizates between the aqueous phase and the micellar phase because of the large aggregation
number of the GEg micelle. Furthermore, enthalpy and entropy changes for their solubilization were evaluated from
the temperature dependence of A@®° values. From these thermodynamical parameters and the change in absorption
spectra of the solubilizates due to their incorporation into the micelles, the solubilization site was found to move into
the inner core of the micelle with increasing alkyl chain length of the solubilizates.

Introduction

The aqueous solubility of organic substances increases via,
their incorporation into micelles in surfactant solutions. The

phenomenon is called solubilizatidd.Indeed, solubilization

has been applied to various scientific fields such as science,
technology, pharmacy, medicine, and agriculture; for example,
the dissolution of drugs into aqueous solution and their transport
through a human body, the dissolution of aromatic compounds
into cosmetics, the solution preparation of agricultural chemicals,

and so on.

rangel!separate into two phases upon heafiagd can be made
to have an optimal hydrophilielipophilic balance (HLB) value
by proper combination of oxyethylene and alkyl chain pérts.
Fundamental studies on the physicochemical propertiegyf C
solutions are still continuing in areas such as surface adsorptfon
and thermal analysis of micellar systeMsiowever, literature
on studies of solubilization into € micelles is raré® while
that on solubilization into other nonionic micelles is comma#tf.

In these studies, solubilization has been investigated from the
viewpoint of a three-component phase diagrat¥and the binding
of surfactants to the third componéfit.

_Nonionic surfactants have no charge, which brings aboutsuch - rpig haper aims to study the solubilizatiomeélkylbenzenes
interesting properties as low critical micelle concentration (€Mc) o micelles in dilute solution in order to clarify the effect of

and large molecular aggregates compared with those of ionic

surfactants$> One of the well-known groups of nonionic
surfactants is polyoxyethylene alkyl ethergfg),6~8 which have

been extensively studied due to the advantage of their practical
use?1%Nonionic surfactants of this type form micelles in dilute
solution and liquid crystalline phase in the higher concentration
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the benzene rings and alkyl chain lengthsneélkylbenzene
molecules on the thermodynamic parameters of solubilization.
In addition, the location of the solubilizates in the micelle is
investigated by the thermodynamic parameters and the change
in absorption spectra of the solubilizates.

Ci14Es micelles have a large aggregation number and take on
various shapes such as spherical micelles, wormlike micelles,
and disklike micelles, depending on the concentraifolRur-
thermore, the cmc and aggregation number@Egchange with
temperature as well21:22 Therefore, the solubilization of
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Figure 1. Solubilization apparatus for volatile solubilizates. g 5 p
n-alkylbenzenes was studied by the partitioning of the solubilizate 0 ]
molecules between the micellar aggregate phase and the aqueous
phase in order to exclude changes in the size and shape of the ¢ 01 02 03 04 05 0.6 07
micelles with G4Eg concentration and with temperature. Par- Cy4E; concentration / mmol dm™
titioning was also used because the resulting micelles incorporated 6
with the solubilizates do not keep the physicochemical properties )]
of the parent micelle$ o 5 E
E ]
. = .
Experimental s 4 E
Materials. Octaethylene glycol monotetradecyl ether, &g, ?E ]
>99%) was purchased from Nikko Chemicals Co., Ltd., and was =3 ]
used as received, because the gas chromatograph attached for purity }
certification had only one sharp peak. The purity was further checked =, ]
by an elemental analysis: C, 63.60 (63.42); H, 10.95% (11.01), < 21
where the values in parentheses are the calculated ones. Benzene g ]
(Nacalai Tesque; thiophene-free and 99.5%) was used as received. 1 .
Toluene ¢99.0%), ethylbenzene>@©9.0%), n-propylbenzene p
(>99%),n-butylbenzenex 99%), andh-pentylbenzenex98%) from 0 .
Tokyo Chemical Industry Co., Ltd. were purified by extraction five 0 01 02 03 04 05 06 07

times with concentrated sulfuric acid, followed by washing five C14E4 concentration / mmol dm™
times with a large volume of thrice-distilled water.

Solubilization. A stock solution of G4Eg was filtrated through
a membrane filter of 0.4m pore size (Millipore MILLEX VV) to
remove dust, and was diluted to prepare surfactant solutions of nine
different concentrations. Nine surfactant solutions were poured
separately into nine photocells, which were then set into a Table 1. The cmc and the Aggregation Number of GEg at
solubilization apparatus (Figure 1). About 80 of benzene and Different Temperatures
toluene was placed on the bottom of a small vessel in the middle

Figure 2. (a) Concentration changesfalkylbenzene with GEg
concentration at 298.2 K after standing for 24 h. (b) The changes
by exaggerated ordinate for longer alkylbenzenes.

of the glass apparatus in order for absorbance to be less than 0.7. temperature eme x 10 agr?J;%it'ron
As for the other alkylbenzenes, 1 mL of liquid solubilizates was (K) (mol dn?) (x 1000)
dropped inside the middle vessel. The whole glass apparatus with

its cover was kept in a thermostat controlled withif.1 K at 298.2, 298.2 181 134
303.2, and 308.2 K for 24 and 48 h to reach complete solubilization ggg% izsg 1?2

equilibrium, where the surfactant solutions were agitated with a

rotor in each photocell. After the equilibration, each photocell was interpolation of the agareaation numbers at different temperature
capped immediately. The solubilizate concentrations in the surfactant'Nerpoiat ggregat u satd peratures

solutions were determined spectrophotometrically by the optical fItt€d by @ quadratic equation. -
density of the solutions and the molar extinction coefficient. The  Inside the apparatus, the volatile solubilizatealkylbenzenes)
molar extinction coefficients:} of the previous study were employed ~ €asily evaporate because of their high volatility, thus the chemical
to determine the concentration of the solubilizates;ehalues at potential of the gaseous solubilizate molecule should become
260 nm were 232, 216, 201, 211, and 222 mhalm?® cm™* for the same throughout the phases under equilibrium, or the
toluene, ethylbenzeney-propylbenzenen-butylbenzene, and- concentration of monomeric solubilizate can be set identical in
pentylbenzene, respectively, and the value at 254 nm was 188 mol the nine solutions.
dm? cm™* for benzené? The changes in concentration folkylbenzenes with GEg
concentration are illustrated in Figure 2a,b. Solubilizate con-
centrations below the cmc remain almost constant for all the
The values of the cmc and micellar aggregation number of Solubilizates, which indicates the constancy of the chemical
C14Es determined previously by surface tension measurement Potential of solubilizate molecules throughout the phases inside
and the light-scattering method, respectively, are given in Table the glass apparatus as mentioned above. In addition, for
1.2 where the aggregation number at 303.2 K was evaluated by &thylbenzenen-propylbenzenen-butylbenzene, and-pentyl-
benzene, their aqueous solubilities (at 0 mMEg concentration

(22) Meguro, K.; Takasawa, Y.; Kawasaki, N.; Tabata, Y.; Uena] Molloid in Figure 2a,b) are consistent with the reference vaitre¥ The
Interface Sci1981,83, 50.
(23) Moroi, Y. Micelles: Theoretical and Applied Aspects; Plenum Press: (25) Sanemasa, Bull. Chem. Soc. Jpri982,55, 1054.

New York, 1992. (26) Tewari, Y. B.; Miller, M. M.; Wasik, S. P.; Martire, D. B. Chem. Eng.
(24) Take'uchi, M.; Moroi, Y.Langmuir1995,11, 4719. Data 1982,27, 451.

Results and Discussion




n-Alkylbenzenes Solubilized intq4£3 Micelles Langmuir, Vol. 23, No. 14, 20077507

Total Number of Carbon Atoms with surfactant concentration. The mole fractions can easily be

6 7 8§ 9 10 1 12 determined from Figure 2a,b. The subscript R refers to the
10 T T T T solubilizate, and the superscripts W and A refer to the aqueous
';'E“Eszzzzﬁ phase and the aggregate phase, respectively. The chemical
0 - C:E: 308.2K potential in each phase is expressed as follows at temperature

T and pressur®:

—a- 1-Dodecanesulfonic acid (C'12-acid)

ug = ug" (TP)+ RTIn X5 3)

AG® / kI mol™

g = ug" (T,P+ AP) + RTIn X3 (4)

where AP is the difference in pressure between the aqueous

phase and the aggregate phagé,s the standard chemical

potential at infinite dilution for the aqueous phase, ahi the

o 1 2 3 4 5 standard chemical potential for the micellar phase based upon
Carbon Number of Alkyl Chain a symmetrically standardized state. The assumption of ideality

Figure 3. The Gibbs energy change @) for solubilization against in eqs 3 and 4 can be reasoned by a small interaction parameter

the carbon number of the alkyl chain of solubilizates at different value (8 value) for Fhe m|>§ed mlcelllzauon of honionic
temperatures. The changeAg® for other systems is also showh. surfactant@®The foIIO\_A{mg relationship results for the solubilizate
molecule under equilibrium:
magnitude of the error bars attached for the points indicates
twice the standard deviation of the concentrations determined atRT In(X&/X%) =
least five times. As for benzene and toluene, the standard deviation 0.A oW _ 0
was not determined, because the liquid volume placed inside ~{ug"(T.P+ AP) = ug " (T.P)} = = AG™ (5)
changed for each experiment. On the other hand, the concentra-
tions, except for the two mentioned above, were the maximum
additive concentrations (MACs), because the solubilizate phase
coexisted in the system. The mean value of the solubilizate
concentrations below the cmc can be used for the monomer
concentration in aqueous bulk [R] of the solubilizate molecules.
An increase in the solubilizate concentration above the cmcis . = . ) .
brought about by the incorporation of solubilizate into micellar significant difference, Wh'.Ch suggests th.at thﬁ!};solutlons
aggregates. Especially for benzene, the solubilizate concentrationéjeaghed complete SO'”?'"Zat'On eqwhpngm within 24 h. The
appear to decrease withh4Eg concentration, but they remain SG value Ofl 0 kIJ mot* for benzene '”d('f‘?‘tes the_ faﬁt that
almost constant within the experimental error, which indicates E”Z?”? mo ?C;j es are not r_:or}lce_ntrate inigE£mice es. I
that benzene molecules are not concentrated or incorporated intoT atis, its mole fraction in a micelle is assumed to be practically

Ci4Egmicelles. The concentration nfalkylbenzenes decreased equgl to that' In an aqueous bulk phase, bec&Bgcannot be
in the order of (benzene toluene >) ethylbenzene> positively infinite. On the other hand, for othealkylbenzenes,

n-propylbenzene- n-butylbenzene- n-pentylbenzene, which the Gibbs energy change decreased with increasing alkyl chain
is the same order as the decrease in aqueous, solubility length, or the solubilizates became more stabilized by solubi-
where (benzene- toluene >) represents the concentration 'lization with increasing the alkyl chain length of the solubilizates.

dependence of the liquid volume placed inside. In other The contribution per ethylene group ofadalkyl chain of carbon

words, the results indicate that the solubilized amount in the NUmber 1—5 to the Gibbs energy changeSt,,) is evaluated

2
aggregates becomes larger for more soluble solubilizate in ant® P& ~2-3 le mof™ at 298.2 K,—1.9 kJ mof* at 303.2 K, and
aqueous bulk. —1.8 kI moftat 308.2 K from the slope in the figure. The value

Once the size of micellar aggregates was found to be quite at 298.2 K is smaller in magnitude compared with the values of

large (Table 1), the partition equilibrium was adopted to evaluate —2-35 10 —2.81 kJ mof™ for ionic surfactant systents:?®:%0
the Gibbs energy change for the transfer of solubilizate molecules T nerefore, itis more difficult fon-alkylbenzenes to be solubilized
from the aqueous bulk to the large aggregate. In other words, "0 the inner core of GEg micelles than into that of ionic
the large molecular aggregate was regarded as a separate pha

§é1rfactant micelles. Although the aggregation numberQE§
to examine whether reasonable values for the Gibbs energy changé arger than that of ionic surfactant systehtise smaller Gibbs
could be obtained by the partition equilibrium. The mole fractions

energy decrease for the transfer results from the larger hydrophilic
of the solubilizates in an aqueous phase and the aggregate pha:

Jaart of the oxyethylene groups outside the micellar core.
are given by eqgs 1 and 2, respectively: From the variation oAG® with temperature, the enthalpy and

entropy changeg{H° andA ) of solubilization can be evaluated

40 1 1 1 1 1

*

From this equation, we can determine the Gibbs energy change
for transfer AGP) of solubilizate molecules from the aqueous
phase to the aggregate phase. W@° values thus obtained
were plotted against the number of carbon atoms in the alkyl
chain of the solubilizates at different temperatures (Figure 3).
The AGP values after standing for 24 and 48 h did not show any

XY = [R]/(55.5+ [R] + cmc) 1) by the following relations:
0
X4 = (IR] — [RDAIC — cmc+ (R] — R} (2) aHe = [A8GTT) )
a(/T) |p
where [R] is the total equivalent concentration of the solubilizate, O 0
C is the total concentration of the surfactant, and cmc is the AS'=—(AG" — AHO)/T (1)

critical micelle concentration at which solubility starts to increase The enthalpy change can be estimated from the slope of the plots

0, i 0 —
(27) Myrdal, P.; Ward, G. H.; Dannenfelser, R. M.; Mishra, D.; Yalkowsky, Pf AGYT V(.BI’SU.S l/-l(Flgure 4)' TheAH®and TAs) values are
S. H. Chemospherd 992,24, 1047. illustrated in Figure 5, where the former value is a mean value




7508 Langmuir, Vol. 23, No. 14, 2007 Sato et al.

2 [T T T T T T T T HLl T T I
: : T : T T T
0 ®
[ ] 2 B,C,D,E
2 < s
- [ ] <
2F - 7]
TM F | ~-Benzene (C0) ] <
3 L | =O0=Toluene (C1) E 120 2 360 T8 30 20
E 4 || ——Ethylbenzene (C2) ] B.C.D.E
N& [ | —>—n-Propylbenzene (C3) ] / ! | \ ; o |
= [ | ~=7-Butylbenzene (C4) ] 220 240 260 280 300 320
= -6 | [ o n-Pentylbenzene (C5) b Wavelength / nm
&~ [ ] . . )
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Figure 4. Plots of AGYT againsito evaluate the enthalpy change £ M GD.E
(AHO) for solubilization. 2 3
“« i
Total Number of Carbon Atoms 220 240 260 230 300 320
6 7 8 9 10 11 12 i
100 T T T T T ” | .
- AH 220 240 260 280 300 320
-0~ 298.2K Wavelength / nm
50F o 303.2K Figure 7. Absorption spectra of toluene (A) mdodecane, (B) in
-0~ 308.2K -TA8° ’

Ci4sEgaqueous solution above the cmc, (C) g aqueous solution
at the cmc, (D) in G4Eg aqueous solution below the cmc, and (E)
in water, and the highest peak of the spectrumnidodecane

AH®, -TAS" / kJ mol™

) (- - - -). (Inset) Enlarged absorbance ordinate.
.50|- T K
: AR A E
0 1 2 3 4 5 6 2 E
Carbon Number of Alkyl Chain % E
Figure 5. The enthalpy and the entropy changes for solubilization
against the carbon number of the alkyl chain of solubilizates. i
for different temperatures, whereas the latter values are obtained 220 240 260 280 300 320
from AGP values at different temperatures. Wavelength / nm

The Gibbs energy change includes two terms, the enthalpy Figure 8. Absorption spectra af-butylbenzene (A) in-dodecane,
change AH? and the entropy change-TAS). For toluene, (B) in C14Eg aqueous solution above the cmc, (C) infs aqueous
ethylbenzeney-propylbenzene, angbutylbenzene, the negative  solution at the cmg, (D) in GEg agueous solution below the cmc,
values of both the enthalpy and the entropy terms positively and (E)inwater, and the highest peak of the spectrumdndecane
contribute to the negative Gibbs energy changes in the presen{” = = -)- (Inset) Enlarged absorbance ordinate.
solubilizations. The results indicate that the solubilization was

brought about equally both (1) by the negative enthalpy change . ) i
that results mainly from London dispersion force between the 2AH" value contributes more to the negative Gibbs energy change
solubilizate and the surfactant molecules in the micellar phase tan does the TAS value, the effect of a less movable fixation

and (2) by the positive entropy change due to the destruction of of the solubilizate molecules in the micelles upon solubilization.
the ordered structure of water molecules around the alkyl chain. Finally, the spectrum changes were investigated in order to

On the other hand, the solubilization efpentylbenzene turns get more detailed information about the location of the solu-
out to be enthalpy; driven. This suggests that the fixation of bilizates inthe micelle. As shown in Figures 6 and 7, the absorption

n-pentylbenzene molecules in the micelle is driven more by a SPectra below, above, and at the cme for benzene and toluene
stronger interaction between the micelle and the solubilizate €N be traced together, and the highest peak of the spectrum

relative to that of the other-alkylbenzenes. Consequently, the Shifted to a higher wavelength mdodecane, where the dotted
lines in the figures indicate the wavelength at the highest peak

(28) Rubingh, D. N. IrSolution Chemistry of Surfactantdittal, K. L., Ed.; in n-dodecane. The absorption spectrum of a molecule depends
P'egtémDP’_e\S(S}IL\‘eW Yr?fk, 137_%1 \:Ol- }( PK3_3'\7A- . Phvs. Chem. 8004 on the dielectric constant of the environment where the molecules
Lo 001 Y-+ Kawashima, Y.; Matsuoka, K.; Morol, ¥. Phys. Chem. B004, locate, and the dielectric constants of watejodecane, and

(30) Lee, J. N.; Moroi, Y.J. Colloid Interface Sci2004,273, 645. ethylene glycol (EG n = 1-6) are 79, 2, and 1540,
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in n-dodecane (Figures 8 and 9). These changes in spectrum
were also observed foralkylbenzenes solubilized into micelles

of other ionic surfactant systerd&which supported the fact that

the solubilized longem-alkylbenzenes moved into the inner core
of the micelles.

Absorbanee

Conclusions

I e B

220 240 260 280 300 320 The concentration of toluene, ethylt_)enzenfaropylbenzene,
Wavelength / nm n-butylbenzene, and-pentylbenzene increased with thesEg
Figure 9. Absorption spectra of-pentylbenzene (A) in-dodecane, ~ concentration gbove the cmc. However, the concentration of
(B) in C14Es aqueous solution above the cmc, (C) infEs aqueous benzene remained constant over thgHg concentration range
solution at the cmc, (D) in GEg aqueous solution below the cme,  examined, which indicated that benzene molecules were not
and (E) in water, and the highest peak of the spectrumdodecane concentrated into GEs micelles. The Gibbs energy change of
(- - - -). (Inset) Enlarged absorbance ordinate. e . .
solubilization evaluated by using the phase separation model

) . . decreased with increasing alkyl chain length of the solubilizates.
respectively:'“**Hence, it can be said that benzene and toluene Therefore, it was easier for more hydrophobic substance to be
do not locate in the core of micelle. In addition, the fact that the sg|ybilized into G4Es micelles. TheAH? and—TAS values for
spectra of benzene and toluene remain the same both above angy|ypilization and the spectral changeefikylbenzenes indicated
below the cmc must result from their location in the medium of 5t shorten-alkylbenzenes were located in the outer micelle,
relatively high dielectric constant made of oxyethylene parts and hile the solubilization site moved into the inner core of the
watermolecu_les, bec_ause there are many water molecules arounmce”e with increasing alkyl chain length of the solubilizates.
the Esgroups in the micelles. As far as the spectra are concerned,
they are quite the same for benzene and toluene, which means
that the location of their benzene rings is very similar (an outer ~ Acknowledgment. This work was supported by Grant-in-
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