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sub-CMC solubilization of
hexadecane by surfactants†

Hua Zhong,*abc Lei Yang,ab Guangming Zeng,ab Mark L. Brusseau,c Yake Wang,c

Yang Li,d Zhifeng Liu,ab Xingzhong Yuanab and Fei Tanab

Solubilizaiton of hexadecane by two surfactants, SDBS and Triton X-100, at concentrations near the critical

micelle concentration (CMC) and the related aggregation behavior was investigated in this study.

Solubilization was observed at surfactant concentrations lower than CMC, and the apparent solubility of

hexadecane increased linearly with surfactant concentration for both surfactants. The capacity of SDBS

to solubilize hexadecane is stronger at concentrations below CMC than above CMC. In contrast, Triton

X-100 shows no difference. The results of dynamic light scattering (DLS) and cryogenic TEM analysis

show aggregate formation at surfactant concentrations lower than CMC. DLS-based size of the

aggregates (d) decreases with increasing surfactant concentration. The zeta potential of the SDBS

aggregates decreases with increasing SDBS concentration, whereas it increases for Triton X-100. The

surface excess (G) of SDBS calculated based on hexadecane solubility and aggregate size data increases

rapidly with increasing bulk concentration, and then asymptotically approaches the maximum surface

excess (Gmax). Conversely, there is only a minor increase in G for Triton X-100. Comparison of G and d

indicates that an excess of surfactant molecules at the aggregate surface has a great impact on surface

curvature. The results of this study demonstrate the formation of aggregates at surfactant concentrations

below CMC for hexadecane solubilization, and indicate the potential of employing a low-concentration

strategy for surfactant applications such as remediation of HOC contaminated sites.
1. Introduction

Surfactants are used for a myriad of industrial and household
applications. One well-known function of surfactants is
to solubilize hydrophobic organic compounds (HOCs). This
function has been employed for many purposes, ranging from
oily dirt removal from textiles to enhanced remediation of soil
or groundwater contaminated by HOCs.1–3 Solubilization
enhancement of HOCs by surfactants has been the subject of
many experimental and theoretical studies, especially at
concentrations above CMCs.4–10 The critical micelle concentra-
tion (CMC) is generally considered to be the concentration at
which surfactant molecules aggregate to formmicelles. Micelles
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are considered to be of spherical shape, and the size, shape,
aggregation number, and stability of micelles vary according to
temperature, surfactant concentration, and solution chem-
istry.11 It is typically assumed that surfactants solubilize low-
solubility compounds only at concentrations higher than
CMC, through partitioning into the hydrophobic core of the
micelles.9,12,13

The results of some studies have shown, however, that solu-
bilization enhancement may also occur at surfactant concen-
tration below the CMC. Zhang and Miller6 investigated
solubilization of octadecane by rhamnolipid biosurfactant.
Solubilization of octadecane was enhanced by rhamnolipid at
concentrations below CMC, and the enhancement was much
more signicant than above CMC. Similar results were observed
for hexadecane solubilization in the presence of a mono-
rhamnolipid in our prior study.14 Kile and Chiou investigated
solubilization of DDT by surfactants Triton and Brij, and
enhancement of apparent DDT solubility was also observed
below the nominal CMC.5 To our knowledge, the mechanisms
for these observations of sub-CMC solubilization, for example
the potential for aggregate formation below CMC, have not been
systematically investigated in prior studies. Moreover, concern
about the ecotoxicology of surfactants, e.g. alkylphenol
ethoxylates (APEs),15,16 has caused the implementation of strict
emission controls for APEs in various industrial and consumer
This journal is © The Royal Society of Chemistry 2015

http://crossmark.crossref.org/dialog/?doi=10.1039/c5ra12388g&domain=pdf&date_stamp=2015-09-15
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5ra12388g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA005095


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Se

pt
em

be
r 

20
15

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
25

 3
:1

2:
49

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
applications.17–20 Thus, the ability for surfactants to achieve
solubilization enhancement of HOCs at sub-CMC concentra-
tions is of importance for cost and ecotoxicology considerations.

In this study, solubilization of n-hexadecane in the presence
of SDBS or Triton X-100 surfactant was investigated, with a
special focus on such behavior at surfactant concentrations
below CMC. SDBS and Triton X-100 were selected to represent
anionic and nonionic surfactants, respectively. In addition to
hexadecane solubility, characterizations of the potential aggre-
gation of the surfactants, such as aggregate particle size and
zeta potential measurements and cryo-TEM-based aggregate
observation, were implemented. Finally, based on surfactant
interface adsorption theory, spherical aggregate assumption
and surfactant mass balance, the aggregation formation and
surfactant partitioning mechanism was proposed to interpret
the sub-CMC hydrocarbon solubilization.

2. Theoretical

At a given temperature, adsorption of surfactant to the
hexadecane/aqueous solution interface is related to interfacial
tension and surfactant bulk activity as expressed by the Gibbs
adsorption equation.21 In this study, the adsorption of ionic and
nonionic surfactant at the interface in the presence of swamp-
ing counterion (electrolyte solution) can be described by eqn (1):

G ¼ � a

RT

�
dg

da

�
� 10�3 (1)

where a is the surfactant bulk activity (mol L�1); R is the
universal gas constant (8.314 J mol�1 K�1), T (K) is the absolute
temperature; G (mol m�2) is the interface excess of the surfac-
tant; g (mN m�1) is the interfacial tension.

Surfactant adsorption at uid–uid interfaces is described
by the Langmuir equation at concentrations below the critical
micelle concentration (CMC):8,22

G ¼ Gmax

Ka

1þ Ka
(2)

where Gmax (mol m�2) is the maximum interface excess of
surfactant and K (L mol�1) is the Langmuir constant.

Resolving eqn (1) and combining it with eqn (2) give the
Szyszkowski equation, which describes interfacial tension as a
function of surfactant bulk activity at concentrations below
CMC:

g0 � g ¼ RTGmax ln(1 + Ka) � 103 (3)

where g0 (mN m�1) is the interfacial tension of the solution in
the absence of surfactant. The relation between a and the freely-
dissolved surfactant monomer concentration, Cw (mol L�1), is:

a ¼ fCw (4)

where f is the activity coefficient of surfactant. The concentra-
tion of surfactants in bulk solution is relatively low (<0.01
mol L�1) in this study, thus f is very close to 1 and a z Cw.22

Based on the classical model regarding the structure of
alkane–surfactant aggregates formed in solution for alkane
This journal is © The Royal Society of Chemistry 2015
solubilization, the aggregates are assumed to be spherical with
a layer of surfactant molecules on the surface. Thus, when
solubilization reaches equilibrium, eqn (5) and (6) can be
obtained based on mass balance of surfactant:

GAiChexMhex

rhex
� 10�3 þ Cw ¼ C0 (5)

Ai ¼ 6

d
� 10�9 (6)

where Ai (m
2 m�3) is the hexadecane–water specic interfacial

area; C0 (mol L�1) is the total concentration of surfactant
initially added; Chex (mol L�1) is the concentration of
hexadecane solubilized in aqueous phase; Mhex (g mol�1) is
molecular weight of the hexadecane; and rhex (g cm�3) is the
density of the hexadecane at given temperature T (K); d (nm) is
the measured diameter of the aggregates. From eqn (3)–(6), the
surfactant excess, G, of surfactant on the aggregate surface and
the Cw for a given C0 can be obtained. The area per surfactant
molecule at the hexadecane–aqueous interface (namely the
aggregate surface), A (m2), is obtained by eqn (7):

A ¼ 1

GNA

(7)

where NA (6.022 � 1023 mol�1) is the Avogadro constant.
3. Materials and methods
3.1 Materials

SDBS (Sodium dodecylbenzenesulfonate, technical grade,
purity > 97.0%), Triton X-100 (polyoxyethylene (10) iso-
octylphenyl ether, laboratory grade, purity > 98.0%), and
hexadecane (purity > 99.0%) were purchased from Sigma-
Aldrich (St Louis, Mo., U.S.). Selected properties and molec-
ular structures of SDBS and Triton X-100 are presented in Table
1 and Fig. 1, respectively. n-Octane (purity > 95.0%) and HPLC
grade ethanol were purchased from Damao Chemical (Tianjin,
China). All other chemicals were of analytical grade and used as
received. Ultra-pure water with an initial resistivity of 18.2
MU cm produced by UPT-II-40 (Ulupure, Chengdu, China) was
used throughout the experiment. Phosphate buffer solution
(PBS, 1.24 g L�1 KH2PO4 and 1.35 g L�1 K2HPO4$3H2O, pH 6.8)
was used as the background electrolyte solution to provide a
stable concentration of counterions, which is important for
application of the Gibbs adsorption equation for surfactant
surface excess calculation.
3.2 Interfacial tension measurement

In order to obtain the CMCs of the surfactants and Gmax and K in
eqn (3), interfacial tension between hexadecane and surfactant
solution with designated surfactant concentrations was
measured at 30 �C with a tensiometer (JZ-200A, Chengde,
China) using the du Noüy ring method.23 In brief, 15 mL of
surfactant PBS solution was prepared in a 50 mL glass beaker.
15 mL of hexadecane was then carefully added to the top of the
surfactant solutions without disturbing the bulk volumes.
Before the interfacial tension was measured, the beaker was
RSC Adv., 2015, 5, 78142–78149 | 78143
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Table 1 Selected properties and the water–hexadecane interface coefficients of the surfactants used in this study

Surfactant Formula Surfactant type
Molecular weight
(g mol�1)

CMCa

(mM)
Gmax

b

(mol m�2)
Am

c

(nm2)
Kd

(m3 mol�1)

SDBS C12H25C6H4SO3Na Anionic 348.48 612 3.3 � 10�6 0.50 0.2 � 103

Triton X-100 C8H17C6H4O(CH2CH2O)10H Non-ionic 648.86 672 1.9 � 10�6 0.87 4.3 � 103

a Critical micelle concentration (CMC) measured in PBS solution at 30 �C. b Maximum interface excess of surfactant. c Area per surfactant molecule
at Gmax.

d Langmuir equation constant.

Fig. 1 The molecular structure of SDBS and Triton X-100.
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kept at 30 �C for half an hour to allow partition of surfactant to
water–hexadecane interface to reach equilibrium. The
measurements were reproducible, with the difference of dupli-
cate measurements within �0.2 mN m�1.
3.3 Solubilization of hexadecane by surfactants

Solutions of SDBS and Triton X-100 with hexadecane were
prepared in triplicate using the following procedures. 50 mL of
hexadecane was pipetted to a 25 mL glass ask, and the ask
was rotated to spread the hexadecane on the bottom of the ask.
10 mL of PBS solution of SDBS or Triton X-100 was then added
to the ask and incubated on a reciprocal shaker at 30 �C,
120 rpm for 72 h to allow the solubilization to reach equilibrium
(result of a preliminary test showed that hexadecane solubility
does not change aer 72 h). Then the asks were held stationary
for 2 h to allow establishment of stable phase distributions.
4 mL of the aqueous solution was separated and collected using
the method described by Zhong et al.14 1 mL of the collected
samples was removed for hexadecane concentration measure-
ment, and another 2 mL was used for measurement on size and
zeta potential of the aggregate particles. The hexadecane
concentration was measured using gas chromatography (Agi-
lent GC 6890N) following the procedures described by Zhong
et al.14 Samples with 8000 mM SDBS or with 1000 mM Triton
X-100 were centrifugally ltered using 30KD ultraltration
membrane (Millipore, Darmstadt, Germany) followed by hex-
adecane concentration measurement in the ltrate to check the
partition of hexadecane. A control containing 10 mL surfactant
78144 | RSC Adv., 2015, 5, 78142–78149
solution and no hexadecane was used to quantify loss of
surfactant due to adsorption to inner wall of the asks. To
examine the stability of solubilized hexadecane, 4 mL of the
solubilized hexadecane solution obtained with 50 mM SDBS or
25 mM Triton X-100 were sealed and allowed to stand still for
48 hours. Then 3 mL of the solution were again separated using
the method described by Zhong et al.14 and hexadecane
concentration was measured.

The size and zeta potential of aggregate particles were
measured using a ZEN3600 Zetasizer Nano (Malvern Instru-
ments, U.K.). The particle size was determined through
dynamic light scattering (DLS) at 633 nm with He–Ne laser,
which worked on 4.0 mV power. 1 mL of sample was loaded to
the DTS-0012 cell and kept at 30 �C. The scattered light was
collected by receptor at angle of 173� from light path. The size of
the aggregates was expressed in terms of hydrodynamic diam-
eter, which was calculated by using the soware associated with
the instrument. To obtain the zeta potential of the aggregates,
approximately 1 mL of sample was loaded to the DTS1060 fol-
ded capillary cell and the electrophoretic mobility of the
aggregate particles was measured at 30 �C under automatic
voltage using laser Doppler velocimetry with M3-PALS tech-
nique to avoid electroosmosis. The measured data was con-
verted into corresponding zeta potential applying the
Helmholtz–Smoluchowski equation.24
3.4 Cryo-transmission electron microscopy (cryo-TEM)
observation of aggregates

A 4 mL drop of sample was placed on the copper grid, and then
sent to a FEI Vitrobot sample plunger. The excess sample was
removed with lter paper. The grid was then immediately
plunged into a bath of liquid ethane and transferred to a bath of
liquid nitrogen. The samples were stored in a GATAN model
cryo-transfer unit in liquid nitrogen. The morphology of
surfactant–hexadecane aggregates was viewed with a Tecnai F20
cryo-transmission electron microscope (FEI, Hillsboro, Oregon)
at 120 kV.
4. Results and discussion
4.1 Gmax and K

The dependence of interfacial tension on the surfactant
concentration is presented in Fig. 2a. The interfacial tension of
hexadecane/PBS solution in the absence of surfactants is
41.3 mN m�1. For SDBS, hexadecane/PBS interfacial tension
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) The hexadecane/PBS interfacial tension as a function of
surfactant concentration. (b) Interfacial tension–concentration rela-
tion regression at surfactant concentrations below CMCs using
Szyszkowski equation (eqn (3) in text).

Fig. 3 Apparent hexadecane solubility (Chex) versus total surfactant
concentration (C0) of (a) SDBS and (b) Triton X-100. Two sets of
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decreases rapidly from 41.2 to 2.3 mN m�1 with increase of the
SDBS concentration to approximately 600 mM. Further increase
in SDBS concentration has minimal effect on the interfacial
tension. For Triton X-100, the interfacial tension decreases from
41.3 to 4.2 mN m�1 with increase in the Triton X-100 concen-
tration to approximately 500 mM. Further increase in Triton
X-100 concentration slowly reduces the interfacial tension from
4.2 to 1.4 mN m�1.

CMCs of the surfactants were obtained using the method
described by Zhong et al.25 The CMC of SDBS is 612 mM, which is
lower than in pure water (e.g. 2764 mM reported by Yang et al.26)
due to the presence of counterions (i.e., K+) in PBS in this study.
The CMC of Triton X-100 is 672 mM, which is in the range of
200–900 mM reported by Sigma-Aldrich.27 The signicantly
different CMCs for PBS versus water obtained for SDBS
compared to the similar values obtained for Triton is consistent
with the anionic and nonionic natures of the two, respectively.

The interfacial tension data at surfactant concentrations
below CMC were well tted by the logarithmic function
This journal is © The Royal Society of Chemistry 2015
described by eqn (3) (Fig. 2b), and the maximum interface
excess of surfactant (Gmax) and the Langmuir constant (K) were
thus obtained. Minimal surfactant molecule area at interface
(Am) was calculated using eqn (7). The results are summarized
in Table 1.

4.2 Solubilization of hexadecane by surfactants

As shown in Table S1,† concentration of hexadecane solubilized
by 50 mM SDBS or 25 mM Triton X-100 aer standing for
48 hours is essentially identical to the initial concentration.
50 mM and 25 mM are lower end concentrations, respectively, for
SDBS and Triton X-100 used in this study. The results demon-
strate good stability of the solubilized hexadecane. Results of
hexadecane solubilization by SDBS and Triton X-100 are pre-
sented in Fig. 3. Both surfactants increase the solubility of
hexadecane at surfactant concentrations lower than CMC. The
apparent solubility of hexadecane increased linearly with
surfactant concentration for both surfactants, with different
slopes below and above CMC. Solubilization capacity of a
surfactant for an HOC is characterized by the molar solubili-
zation ratio (MSR), which is dened as increase of solubilized
regression represent data for below and above the CMCs.

RSC Adv., 2015, 5, 78142–78149 | 78145
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hydrophobic compound concentration (mol L�1) per unit
increase of surfactant concentration (mol L�1) in the solu-
tion.12,28 As shown from Fig. 3a, the MSR for SDBS is signi-
cantly higher below CMC than above CMC (i.e. 0.84 and 0.16,
respectively). Similar results were observed for an ionic rham-
nolipid biosurfactant in the solubilization of hexadecane14 and
octadecane.6 In contrast, MSRs for Triton X-100 are not signif-
icantly different below and above CMC (1.9 and 1.5, Fig. 3b),
indicating the inuence of surfactant molecule structure on
solubilization behavior.
Fig. 5 Zeta potential of aggregates versus the total surfactant
concentration (C0) for the hexadecane solubilization.
4.3 Size and zeta potential of aggregates

Formation of aggregates at surfactant concentrations both
below and above CMC is demonstrated by the results of
aggregate size measurement using DLS method (Fig. 4) and by
direct view of the aggregates with cryo-TEM (Fig. S1, ESI†). Also,
the spherical aggregate assumption was conrmed by the
sphere morphology of the aggregates. Althoughmultiple groups
of particles with different size range (two or three peaks in the
intensity and volume of particles distributions (%) plots,
Fig. S2†) were detected by DLS particle size measurement,
almost 100% of the particles in numbers are in the group of the
smallest size (Fig. S2 and S3†). This is consistent with the results
of the cryo-TEM measurements, in which only one group of
particles with similar size was observed (Fig. S1†). For both
surfactants, the particle size decreases rapidly with increase of
C0 to approximately 200 mM, and then stabilizes as C0 continues
to increase to above CMC (Fig. 4).

As shown in Fig. 5, for anionic surfactant SDBS, the zeta
potential of aggregates decreases approximately from �20 mV
to �35 mV with increase of C0 from 25 mM to 200 mM, and
stabilizes at ��35 mV with further increasing C0 to 800 mM.
Similar trend was observed by Ivanov et al.29 for zeta potential of
hexadecane emulsion drops versus concentration of ionic
surfactant SDS at signicantly low SDS concentrations. When C0

is even further increased to 1200 mM, a secondary decrease of
zeta potential to ��70 mV is observed. In contrast, the zeta
Fig. 4 Aggregate size (d) versus the total surfactant concentration (C0)
for hexadecane solubilization. (Inset) zoom-in for C0 lower than CMC.

78146 | RSC Adv., 2015, 5, 78142–78149
potential of hexadecane-Triton X-100 aggregates increased from
�20 mV to �5 mV with increasing C0 from 50 mM to 1000 mM
and stabilized at ��5 mV when C0 was above 1000 mM. Zeta
potential is the potential difference between the bulk solution
of the dispersion medium and the slippery layer of uid
attached to the dispersed particle.24,30 Due to the anionic
hydrophilic heads of SDBS, the aggregates have negatively
charged surface.31 The negatively charged surface of aggregates
for non-ionic Triton X-100 probably results from association of
anions in PBS (i.e. OH�, HPO4

2�, H2PO4
�, PO4

3�) with the
polyoxyethylene chain of Triton on the aggregate surface.
4.4 Partitioning of surfactants and its relation with
aggregation

No emulsion of hexadecane in the presence of surfactants was
observed in the experiments. Adsorption of the surfactants to
the inner wall of the ask was also minimal (data not shown).
Because very limited volume of hexadecane (50 mL) was used,
partition of surfactants to the hexadecane phase, or to the
interface between the oating mass of hexadecane and the
aqueous phase (less than 1 cm2 in contrast to the magnitude of
102 to 104 cm2 for the total surface area of the aggregates
according to calculation below), was minimal. Therefore, the
surfactants reside either in bulk aqueous solution or in the
aggregate. The hexadecane concentration in the ltrate aer
ultraltration was under the detection limit (data not shown),
showing that the amount of freely-dissolved hexadecane in bulk
aqueous phase is minimal and all the solubilized hexadecane is
associated with the aggregate. This is consistent with the fact
that hexadecane has extremely low water solubility (0.09 mg L�1,
25 �C) and high octanol–water partition coefficient (108.3, 25
�C).32 Hence, based on the spherical aggregate assumption, the
aggregate surface excess G and the bulk concentration Cw of
surfactants were calculated by applying eqn (2) and (5) using
Gmax and K previously obtained.

For both SDBS and Triton X-100, a linear relationship
between the apparent solubility of hexadecane, Chex, and the
This journal is © The Royal Society of Chemistry 2015
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freely-dissolved surfactant monomer concentration, Cw, is
observed with increase of Cw to CMC (Fig. 6a). This is similar to
the relationship between Chex and the total surfactant concen-
tration, C0 (Fig. 3). By comparing the slopes of Chex � C0 prole
at C0 below CMC and Chex � Cw prole (0.84 versus 1.0 for SDBS,
and 1.9 versus 2.5 for Triton X-100), the relative distribution of
the surfactant between the freely-dissolved and aggregate-
associated is calculated. The percentage of the aggregate-
associated surfactant is approximately 16% and 23% of the
total for SDBS and Triton X-100, respectively.

Changes of surfactant surface excess (G) and molecule area
(A) versus Cw are presented in Fig. 6b. For SDBS, a rapid increase
of G and decrease of A are observed when Cw increases from
�25 mM to �150 mM. Further increase of Cw causes asymptotic
approach of G and A to Gmax and Am, respectively. Conversely,
there is only a minor increase in G for Triton X-100. Only very
slight increase of G and decrease of A are observed when Cw was
below�80 mM. G and A are more sensitive to change of Cw with a
smaller K according to eqn (2) and (7). The K value for Triton
X-100 is much larger than for SDBS (4.33� 103 and 0.2� 103 m3
Fig. 6 (a) Apparent solubility of hexadecane (Chex) versus the bulk
surfactant concentration (Cw) atCw belowCMCs; (b) surface excess (G)
and molecule area (A) of surfactants on the aggregates surface versus
surfactant bulk concentration (Cw). The dash lines and dash dot lines
represent the maximum surface excess (Gmax) and the minimum area
per surfactant molecular on the surface (Am), respectively.

This journal is © The Royal Society of Chemistry 2015
mol�1, respectively (Table 1)). Thus, a more signicant change
of G and A over a broader range of Cw occurred for SDBS.

As shown in Fig. 7, for both surfactants, aggregate size, d,
decreases with the increase of surfactant surface excess on the
aggregates, G, in a way that d approaches the stabilized
minimum aggregate size (dmin) as G approaches Gmax. This
result indicates that the curvature of the aggregate surface
increases with increasing surface density of surfactant mole-
cules. For SDBS, which has charged hydrophilic head, as SDBS
molecules approach each other (G increases and A decreases) on
the aggregate surface, the electrostatic repulsion between
charged heads of SDBS becomes stronger. Such enhancement
in electrostatic repulsion induces unequal rate of approach for
polar and hydrophobic moieties between molecules, and
therefore increase in aggregate surface curvature (Fig. 8). Thus,
the aggregate size, d, decreases with increasing G. Similarly, as
the polar head of Triton X-100 molecule, the polyoxyethylene
chain, usually twists and curls, causing large actual molecule
radius,33 the spatial steric repulsion between Triton X-100 polar
heads may act in a way similar to electrostatic repulsion
between charged heads in SDBSmolecules, thus also causing an
increase in surface curvature of aggregates (Fig. 8).

Zeta potential is a function of particle size and surface
charge density.24,34,35 Because SDBS is an anionic surfactant with
a polar head that fully dissociates in solution, surface charge
density is determined by surface molecule density, or G. Also, as
discussed above, particle size is also a function of G. For SDBS,
therefore, zeta potential is essentially a dependent of G and its
change also exhibits an asymptotic pattern at concentrations
lower than CMC. For Triton X-100, binding of anions, i.e.
H2PO4

�, HPO4
2� and OH�, to the polyoxyethylene group

through hydrogen bond may be responsible for the negative
zeta potential of the aggregates. As G increases, the Triton X-100
molecules become more compacted on the aggregate surface,
leaving less space for the anions to partition. Consequently zeta
potential increases.
Fig. 7 Aggregates diameter (d) and surface excess of surfactants (G)
versus the bulk surfactant concentration (Cw) blow CMCs.
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Fig. 8 Schematic diagram of aggregate formation at surfactant concentration below CMCs and the change of curvature of aggregates surface
with increasing surfactant bulk concentration for the hexadecane solubilization by surfactant.
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For the standard surfactant solubilization conceptualization,
enhancement of HOC solubility requires surfactant concentra-
tions higher than CMC.28,36–38 In contrast, results in this study
show that signicant hexadecane solubility enhancement takes
place at surfactant concentrations lower than CMC and such
enhancement is related to formation of aggregates. We specu-
late that the presence of hexadecane has some inuence on
surfactant monomer activity through the hydrophobic interac-
tion between surfactant and hexadecane molecules, which may
be more signicant than between surfactant molecules
themselves. Thus, the interaction between surfactant and
hexadecane molecules may favor formation of aggregates below
CMC.
5. Conclusion

In contrast to the conceptualized micelle-based mechanism for
solubilization of HOCs starting at surfactant concentration
higher than CMC, the results of this study demonstrated that
SDBS and Triton X-100 at sub-CMC concentrations can enhance
hexadecane solubilization employing an aggregate formation
mechanism. Observation of sub-CMC aggregates by both DLS
and cryo-TEM methods suggests that HOC-surfactant interac-
tion contributes to sub-CMC aggregate formation. This study
presents an initial analysis of the sub-CMC solubilization of
HOCs by surfactants. The study is of importance for better
understanding the solubilization behavior of HOCs by surfac-
tants and for economical application of surfactants. Future
studies should aim at testing such sub-CMC solubilization
behavior for a variety of surfactants and HOCs.
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