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a b s t r a c t

The performances of aqueous mixtures of the model nonionic surfactant Triton X-100 (TX100) and
chitosan (CS) for the solubilization of the hydrophobic organic compound phenanthrene (PHE) were
evaluated by varying mixture compositions. The addition of minute amounts of CS into TX100 solutions
above the critical micelle concentration significantly increased PHE solubility. The PHE solubility was
eywords:
hitosan
henanthrene
olubilization
urfactant

maximized at certain optimal concentrations of CS increasing in proportion to the TX100 concentrations,
which were 2, 10, and 20 mg/L CS for 5, 10, and 20 g/L TX100, respectively. At each optimal concentration
of CS, PHE solubility was increased by 46%, 39%, and 43% for the 5, 10, and 20 g/L TX100 solutions, respec-
tively. The enhanced solubilization of PHE by the addition of CS to TX100 solutions may be attributable
to multiple factors, such as an increase of micellar size and hydrophobicity as well as to the formation of

elle-p
riton X-100 variously configured mic

. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are one of the most
idespread environmental pollutants, and PAHs pose severe and

ignificant threats to human health due to their mutagenic and car-
inogenic nature [1]. The major sources of PAHs in the environment
re by-products of the incomplete combustion of carbonaceous
aterials, old gas manufacturing plants, etc. PAHs have low solubil-

ties in water due to their hydrophobicity, and moreover, these are
trongly sorbed onto soils and sediments, resulting in long-lasting
nvironmental effects [1].

Soil washing using surfactant solutions is a potentially promis-
ng technology for the remediation of PAH-contaminated soil [2,3].
oil washing using a surfactant mainly promotes mass transfer
f PAHs from soil into aqueous solutions by the partitioning of
AHs into the hydrophobic cores of surfactant micelles [3]. In gen-
ral, nonionic surfactants are used for washing PAH-contaminated
oils because of their low cost, low toxicity, and low sorption
nto the soil [3]. To reduce the material cost of the surfactants
sed soil-washing processes, various technologies such as ultra-
ltration, pervaporation, precipitation, foam fractionation, solvent

xtraction, photochemical treatment, and selective adsorption by
ctivated carbon have recently been investigated for recovering
urfactants [2,4]. In another approach, nonionic and anionic sur-
actant mixtures have been used to enhance PAH solubility [5].
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olymer aggregates.
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However, the solubility was not much enhanced in spite of the use
of anionic surfactant in great amounts, and the anionic surfactant
itself might be another source of contamination.

Chitosan (CS) is a natural linear biopolymer obtained by the
alkaline deacetylation of chitin, which is the second most abun-
dant biopolymer next to cellulose [6]. Numerous reports on the
applications of CS in environmental field applications, such as the
adsorption of dye or metals from aqueous environments [7,8],
have been reported in the literature. CS is also attractive in multi-
ple field applications due to its biocompatibility, biodegradability,
and nontoxicity [6,9]. In this study, the effect of CS addition
on the apparent solubility of solid phenanthrene (PHE) in Tri-
ton X-100 (TX100) solutions was investigated. The solubilization
experiments were performed with various combinations of TX100
and CS concentrations. The interaction of CS and TX100 in the aque-
ous mixture was studied by spectroscopic and size-distribution
techniques.

2. Materials and methods

2.1. Materials

CS (>85% deacetylation), PHE (purity >98%), and TX100 were
purchased from Sigma Chemical Co., USA. CS obtained from crab

shells consists of medium high molecular weight materials and
molecular weight range reported for CS is 190–375 kDa [10].
PHE (C14H10) is a three-ring PAH with a molecular weight of
178 g/mol. TX100 [octylphenolpoly(ethylene glycol ether)9.5] is a
nonionic surfactant with a molecular weight of 625 g/mol. The crit-

dx.doi.org/10.1016/j.cej.2010.07.035
http://www.sciencedirect.com/science/journal/13858947
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3.2. Formation of CS-TX100 aggregates

Fig. 2 presents the absorbance changes of CS solutions (5, 10,
20, and 50 mg/L) with stepwise additions of 50 �L TX100 (10 g/L).
S. Chatterjee et al. / Chemical En

cal micelle concentration (CMC) of TX100 in aqueous solution is
.11 g/L.

.2. PHE solubility experiments

The PHE solubility experiments using aqueous mixtures of CS
nd TX100 (CS-TX100) were performed with various concentra-
ions of CS (0–50 mg/L) at fixed concentrations of TX100 (0, 0.05,
, 10, and 20 g/L) with excess PHE powder (500 or 1000 mg/L PHE).
he desired concentration of CS was achieved in aqueous mixtures
f CS and TX100 from the stock solution of CS (5 g/L) in 1% (v/v)
cetic acid solution. CS is not soluble in water but the presence of
mine groups (>85% deacetylation) is making it soluble in dilute
queous acidic solutions because of protonation of amine groups.
t a pH of 6–7, CS is polycationic and at a pH of 4–5 and below,

t is completely protonated, which gives rise to higher aqueous
olubility in this pH range. The solid PHE powder was added to
0 mL of aqueous CS-TX100 mixture of the desired composition in
20 mL glass vial fitted with a Teflon-lined screw cap. After solubi-

ization for three days at 30 ◦C in a thermostatic shaker at 200 rpm,
he soluble PHE concentration in the CS-TX100 aqueous mixture
as determined after centrifuging the solution at 10,000 rpm for

0 min.

.3. Analyses

PHE concentration in the solution was determined using high-
erformance liquid chromatography (Dionex, USA) with a UV
etector at 250 nm. The analytical column contained Acclaim® 120,
18 5 �m 120 Å (4.6 mm × 150 mm) and the mobile phase was 85%
v/v) acetonitrile and 15% (v/v) deionized water at a flow rate of
.5 mL/min.

The absorbance change of a CS solution (5, 10, 20, and 50 mg/L)
ith stepwise addition of TX100 solution was investigated using
spectroscopic method at 540 nm (DR5000, HACH, USA). Small

olumes (50 �L) of aqueous TX100 solution (10 g/L) were added
tepwise to 20 mL of CS solution of the desired concentration. After
ach addition, the aqueous CS-TX100 mixture was held with con-
inuous shaking (200 rpm) for 5 min to measure the absorbance
hange associated with subsequent TX100 additions.

The size distribution of aqueous CS-TX100 mixtures was ana-
yzed using a Nano-ZS (Malvern, UK) over two composition ranges:
arious TX100 concentrations (0–5 g/L) at a fixed concentration of
S (10 mg/L) and various concentrations of CS (0–20 mg/L) at a fixed
oncentration of TX100 (5 g/L).

. Results and discussion

.1. PHE solubility in aqueous mixtures of CS and TX100

The solubilization of PHE was examined in CS-TX100 solutions
ith various concentrations of CS and a fixed concentration of

X100 in Fig. 1. No increase of PHE solubility (0.01–0.06 mg/L) was
bserved with the addition of CS (0–20 mg/L) to solutions with-
ut TX100, indicating that CS molecules themselves did not have
ny noticeable effects on PHE solubilization. It is worth noting that
cetic acid, which is normally added to dissolve CS properly in
queous solution, also had negligible effects on PHE solubility in
eparate experiments without CS (data not shown). CS addition to
he solution with a TX100 concentration (0.05 g/L) below the CMC

lso showed very low PHE solubility (0.01–0.09 mg/L), indicating
hat the complex formation of CS and single molecules of TX100
ad negligible effects on PHE solubility. However, in all cases with
TX100 concentration above CMC (5, 10, and 20 g/L), CS addition to

he solution, even in minute amounts, significantly enhanced the
Fig. 1. CS variation in aqueous CS-TX100 mixtures for PHE solubilization.

solubilization of PHE. For example, with 5 g/L of TX100, PHE solu-
bility was increased from 155 (0 mg/L CS) to 226 mg/L (at 2 mg/L
CS). The maximum percentage increases were 46%, 39%, and 43%
for 5, 10, and 20 g/L TX100 solutions, respectively. The PHE solu-
bility gradually increased in proportion to the CS addition up to a
certain optimal concentration of CS and thereafter slightly declined
with further increases in CS concentration. This trend suggests that
enhancement of PHE solubilization by CS and micelle interactions
depends on the CS amount with respect to the concentration of
TX100 in the solution. The optimal concentrations of CS, showing
maximum PHE solubility, were 2, 10, and 20 mg/L for the 5, 10,
and 20 g/L TX100, respectively. The optimal concentration of CS
with respect to TX100 was therefore 0.04–0.1%, which was almost
constant with the variation of TX100 concentration. The presence
of such a constant optimal ratio of CS to TX100 implies that opti-
mal structures between CS and TX100 are formed at this ratio that
maximizes PHE solubilization. Thus, the higher solubility of PHE in
CS-TX100 solutions than in TX100 solutions suggested that inter-
actions of CS and micelles may have increased the hydrophobicity
of micelles by interactions between hydrophilic moieties of both
molecules and modified the size and shape of the aggregates.
Fig. 2. Absorbance change of a CS solutions with progressive addition of TX100.
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Fig. 3. Size distribution of aqueous CS-TX100 mix

he CS solutions gave an absorbance of 0.004 at 540 nm before the
ddition of TX100, and a solution of TX100 alone (10 g/L) showed
n absorbance of 0.001. With subsequent addition of TX100 to a
mg/L CS solution, absorbance increased gradually, and, moreover,
steady increase in absorbance was found only after attaining

MC (0.11 g/L) in the mixture. This indicates that the putative
onomer–CS complex does not form noticeable aggregates, which

oincides with the above PHE solubility data. The sharp increase
f absorbance was observed over two different regimes: (1) for
rimary aggregate formation from 0.1–0.3 g/L TX100 and (2) for
econdary aggregate formation from 1.3–1.7 g/L. The first increase
ight be due to the formation of a TX100 micellar complex on a lin-

ar CS polymer backbone, while the second increase might be due to
he formation of large aggregates by folding of the CS backbone. The
econdary aggregates might possess variously shaped micelles with
ifferent sizes present in CS fiber networks. The CS-TX100 mixtures
howed absorbance maxima (0.048) at 1.7 g/L TX100 concentration
n the mixture. With further increases in TX100 concentration up to
g/L, no change in absorbance value was found, indicating that only
queous soluble complexes were formed by CS and TX100 interac-
ions [9]. The stepwise addition of TX100 to 10, 20, and 50 mg/L
S solutions showed a similar trend of absorbance changes. How-
ver, in the presence of high CS concentrations (20 and 50 mg/L CS
olution), the two-step increase was not observed; rather, steady
ncreases in absorbance values were observed.

.3. Size-distribution analysis of CS-TX100 aqueous mixtures

Fig. 3 shows the size distribution of aqueous CS-TX100 mix-
ures with various combinations of each concentration. The TX100
olution at a concentration of 5 g/L in the absence of CS exhib-

ted a distinct peak, with a diameter of 9.192 nm and a width of
.736 nm, which nearly coincides with the known size of a single
X100 micelle [11]. CS solution (10 mg/L) in the absence of TX100
xhibited three sharp peaks having diameters of 237.6, 442.9, and
73.0 nm and widths of 17.40, 44.99, and 99.80 nm, respectively.
with various combinations of each concentration.

This indicates that CS molecules were present in multiple forms
with various sizes.

The aqueous mixture with 10 mg/L CS and 0.2 g/L TX100 gave
three peaks with diameters of 16.93, 32.20, and 326.6 nm and
widths of 2.651, 10.39, and 115.4 nm, respectively. The peak with
a 326.6 nm diameter was assigned to CS, and the peak intensity
was much higher than the intensities of the other two peaks. The
disappearance of large aggregates (673 nm) implies that TX100
separated them into smaller aggregates or that long CS fibers
were folded into smaller ones. The peaks with diameters of 16.93
and 32.20 nm were assigned to the complexes of TX100 micelles
with small CS molecules because a free TX100 micelle in aque-
ous solution is approximately 9 nm in diameter. Although TX100
was added above its CMC value (0.11 g/L), the absence of a pure
micelle peak implies that TX100 molecules were bound to CS
molecules. The increase in the TX100 concentration to 0.5 g/L (well
above its CMC) increased the intensity of the peaks for the micellar
forms of TX100 in solution (data not shown). The highest-intensity
peak for micellar forms of TX100 in solution was observed in the
case of the CS (20 mg/L)-TX100 (5 g/L) solution, with a 9.947 nm
diameter, and the size of normal TX100 micelle was 9.192 nm as
shown in size-distribution results of 5 g/L TX100 solution, indicat-
ing that larger micelles were formed by insertion of CS molecules
between TX100 micelles. This increase of micelle size might be
one possible reason for the increase in PHE solubility. The faint
and broad peak with a diameter of 302.3 nm and a width of
171.5 nm indicated the formation of variously shaped complexes
of CS and micelles in the mixture. While there were fewer of
these large aggregates, their effect on PHE solubilization must be
great.

To understand the geometric relationship between CS and

TX100 micelles, some simple calculations were performed. The CS
molecules are known to be in the form of relaxed two-fold heli-
cal fibers, of which one glucosamine unit is 0.51 nm in length and
has a mass of 161 g/mol [12]. CS used in this study is a commer-
cial product from crab shells and it consists of medium and high



gineer

m
i
C
t
i
i
b
B
o
fi
i
g
t
h
a
[
(
a
w
w
l
s
s
a
fi
m
t
a
t
t
T
d

o
b
t
a
c
c
o
g
o
t
t
a
o
b
v
o

[

[

[

S. Chatterjee et al. / Chemical En

olecular weight materials. The molecular weight of a CS fiber
s considered 300 kDa here because the molecular weight of this
S product are reported in the range of 190–375 kDa [10], and
he length and diameter of a CS fiber were calculated as approx-
mately 950 and 1.0 nm, respectively. In contrast, a TX100 micelle
s in the form of an oblate spheroid, which has an aggregation num-
er of approximately 140 and a molecular weight of 90,000 [11].
ecause the size of a micelle (9.2 nm) is larger than the diameter
f a CS fiber (1.0 nm), one to four micelles might surround the CS
ber in a cross-sectional view. Assuming that a single CS fiber is

n an elongated form and 950 nm in length, it could make aggre-
ates with a maximum of 400 TX100 micelles. It is noteworthy
hat the acetylated portion of CS molecules has been reported to
ave hydrophobic interactions and to be able to self-aggregate,
nd these points would likely readily interact with TX100 micelles
13]. Single CS fibers may have been present in multiple folded
2–4 times) form considering the measured size peaks (237.6, 442.9
nd 673.0 nm). It is also possible that several CS fibers aggregated
ithout a large change in apparent size. In the case that CS fibers
ere present as a bundle of several fibers (e.g., five) [12], the actual

ength of a CS fiber should be smaller and large aggregates con-
isting of many CS fibers should be formed matching the measured
ize. In these various possible aggregates, the CS fibers may provide
mple space for insertion of the micelles into the three-dimensional
ber networks. The aggregates of CS fibers and TX100 micelles
ay distort the shapes of TX100 micelles and produce various

ypes of micelles. Among these, micelle–micelle agglomerations
nd enlarged interior spaces, loose micelles with low aggrega-
ion numbers, or hemimicelles bound to CS may have contributed
o the increase in PHE solubilization [14]. The structures of CS-
X100 aggregates may be diverse and should be studied in more
etail.

PHE solubility increases were clearly observed on the addition
f very small amounts of CS into the TX100 solutions in the solu-
ilization experiments. The absorbance experiments demonstrated
hat some aggregates between CS and TX100 were probably formed
nd had different shapes depending on the concentrations of each
omponent. The size-distribution experiments demonstrated the
hange of micelle size and the possible formation of various types
f aggregates. However, it is not yet clear what shapes these aggre-
ates form and how they contribute to increasing the solubilization
f hydrophobic organic compounds. From a practical viewpoint,
he addition of such tiny amounts of CS into a surfactant solu-
ion (approximately only 0.1% of the surfactant) would be easy to

pply in a real-world system, providing a cost-effective reduction
f surfactant usage and an ecologically friendly process in using
iodegradable compounds, so that this could be readily applied to
arious processes such as soil washing, enhanced oil recovery, and
rganic extractions.

[

[

ing Journal 163 (2010) 450–453 453

4. Conclusions

The effect of CS addition on the apparent solubility of PHE in
TX100 solutions was investigated with various combinations of
TX100 and CS concentrations. The addition of a tiny amount of CS
(approximately 0.1% of the TX100) into TX100 solutions above its
CMC significantly increased PHE solubility. On the addition of the
optimal CS concentration, PHE solubility in TX100 solutions was
increased up to 46%. Thus, the addition of CS into a nonionic sur-
factant solution may by a simple and effective alternative for the
preparation of a washing solution to remove organic compounds
from solid waste.
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