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Effect of hydrophobicity on micellar binding of carminic acid
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Abstract

The effect of hydrophobicity on micellar binding of carminic acid (CA), an anionic dye, with various cationic surfactants; dodecyltrimethy-
lammonium bromide (C12TAB), tetradecyltrimethylammonium bromide (C14TAB), cetyltrimethylammonium bromide (C16TAB) cetylpyri-
dinium bromide (C16PBr) and cetylpyridinium chloride (C16PC) has been studied spectrophotometrically in submicellar and micellar con-
centration range. Going from aqueous solution to the more hydrophobic micellar environment the maximum absorbance of CA shifted
a higher wavelength in its absorption maxima.The binding constant (Kc) values of CA to cationic micelles were calculated by means of
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enesi–Hildebrand Equation and the binding of CA followed the order as:

C16PB > C16PC> C16TAB > C14TAB > C12TAB

TheKc values and the absorption maxima of CA in the presence of micelles showed that hydrophobic interaction plays a ma
inding process of CA to cationic micelles.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The nature of the interactions between dyes and surfac-
ants is one of the basic information for understanding the pro-
ess of dyeing and finishing of textile material. Although a lot
f research work has already been done into dye–surfactant

nteractions, the studies in this area are still important and in-
eresting for the theory and technology of dyeing. The studies
n different type of dyes in aqueous surfactant solutions can
ive useful information about the mechanism according to
hich surfactants operate as leveling agents and about the in-
uence of dye–surfactant interactions on the thermodynamics
nd kinetics of dyeing process[1–10].

The dye–surfactant interactions have also been the subject
f many studies in view of the fact that they mimic many
iological processes taking place between the large organic
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molecules and biomembrane and can act as a model
system[11–14].

Spectrophotometry has been widely used to study the
plexation equilibria between a dye and surfactants in solu
Thus, spectroscopic techniques based on either the ab
tion or emission of light from a dye are used to determ
certain physicochemical properties of micelles and ves
[15,16]. Surfactants (above or below their critical mice
concentration (CMC)) affect the electronic absorption s
tra of solutions of many dyes[4–6,15]and a similar effec
is produced by the interaction between dyes and phos
lipid membranes[8,17,18]. Literature survey indicates, b
side the electrostatic interactions, the hydrophobic inte
tions are also very important for the binding between the
positely charged dyes and surfactants. The electrostatic
action combined with the classical hydrophobic interact
act concurently bringing about the largest changes, as s
for anionic dye–cationic surfactant complexes by Savvin
[19] or for metalchelate-cationic surfactant species by S
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Scheme 1. Structure of Carminic Acid.

Medel et al[20]. There is multiplebinding in these associated
micellar species: evidence has been produced indicating that
hydrophobic interaction, not charge compensation, plays the
main role in binding between dyes and surfactants. Chiang
and Lukton[21] report that their results on the interaction
between 2-p-toluidinylnaphtalene-6-sulphonate and sodium
dodecylsulphate (NaDDS) micelles suggest that the binding
force is hydrophobic. Analogusly, Birdi et al.[22] claim that
the interaction of NaDDS micelles with 1-anilinonaphtalene-
8-sulphonate is hydrophobic in nature. The objective of this
paper is to understand and characterize the role of the hy-
drophobicity on the interaction between oppositely charged
dye and surfactant in aqueous solutions.

Carminic acid (7-�-d-glycopyranosyl)-9,10-dihydro-
3,5,6,8-tetrahydroxy-1-methyl-9,10-dioxo-2-
anthracenecarboxylic acid) contains two distinct moieties,
a chromophore and a pendant glucose group (Scheme 1)
and exists in four forms viz., H4CA, H3CA−, H2CA2− and
HCA3− [23]. The data has been presented here the region at
pH 5.7 that contains H2CA2− form of CA.

In this work, the interaction of CA, an anionic dye, with
various cationic surfactants was studied both at the concen-
tration below the CMC and micellar region in aqueous me-
dia. Benesi–Hildebrand Equation was applied to calculate the
binding constants of CA to cationic micelles.
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tra were recorded with UV-vis Spectrophotometer (UV-1601
Shimadzu) with a matched pair of cuvets of 1 cm optical
length placed in a thermostated cell holder, at 25◦C (±0.1).
All solutions were prepared at a constant CA concentration
of 1.10−5 mol dm−3 during the whole process since this con-
centration is sufficiently low that no dye aggregation or other
cooperative effects could be detected. The absorption spectra
of 1.10−5 mol dm−3 CA solution containing cationic surfac-
tants in the concentration range from 1.10−5 mol dm−3 to
4.10−2 mol dm−3 were recorded and the reproducibility for
λmax of the spectra was±0.1 nm.

All measurements were done at least in triplicate during
the study.

3. Results and discussion

In aqueous solutions 1.0× 10−5 mol dm−3 CA exhib-
ited an absorbance maximum (λmax) at 492 ±1 nm. The
molar extinction coefficient of CA (ε0) at 492 nm was cal-
culated as 8.09 (±0.01) × 103 mol−1dm3 cm−1 at 298 K
(±0.1). An excellent correlation (r2 > 0.999) indicated that
the Beer–Lambert Law was obeyed in the CA concentrations
ranges of interest. The effect of cationic surfactants at con-
centrations varied from 1.0× 10−5 to 4.0× 10−2 mol dm−3
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The effect of alkyl chain length on hydrophobic
eraction was compared by studying a series of alky
ethylammonium bromide (CnTAB) i.e. dodecyltrime

hylammoniumbromide(C12TAB), tetradecyltrimethylam
oniumbromide (C14TAB), cetyltrimethylammonium bro
ide (C16TAB) and the effect of counter ion was compared

tudying cetylpyridinium bromide (C16PBr) and cetylpyri
inium chloride (C16PC) having the same hydropho
roup (C16) with pyridinium ring but different counte

on.

. Materials and Method

All the chemicals were of analytical reagent gra
12TAB, C14TAB, C16TAB, C16PBr and C16PC were used o
igma products. CA was obtained from Fluka. The solv
ethanol (MeOH), ethanol (EtOH), 1-propanol (PrOH)

utanol (BuOH), pentanol (PenOH), 1-hexanol (HexO
nd 1-octanol (OctOH) used were spectroscopic grade
cts from E. Merck. Doubly distilled conductivity wat
as used for solution preparation. Visible absorption s
n the absorption spectrum of CA at fixed concentratio
.0 × 10−5 mol dm−3 from premicellar to micellar regio
as studied. Under working conditions at pH 5.7 CA b
net negative charge and H2CA2− is dominant form. Th

bsorbance change of 1× 10−5 mol dm−3 CA (below and
bove the CMC) with the concentration of C12TAB, C14TAB,
16TAB, C16PB and C16PC were shown inFig. 1. The ab
orbance of CA initially decreased with increasing the su
ant concentrations well below the CMC and reached a
mum value and then increased again with further increa
f surfactant concentrations above the CMC. The con

ration at the observed minimum is considered as CM
he presence of 1.0× 10−5 mol dm−3 CA for each surfac
ant [24]. As seen inTable 1, CMC values of all surfactan
etermined spectrophotometrically were different from t
MC in pure water (Table 1). The increase inλmax and de
reasing absorbance values can be assumed due to so
f association or complex formation between dye and

actant monomers[4,7,8,25–27]. The complex formation o
he dye–surfactant is a consequence of mutual influenc
lectrostatic and hydrophobic interactions.

The increase in absorbance of CA above the CMC is
rally attributed to the increase in the amount of solubil
A in the micelles. The absorbance and the values ofλmax

eached the limiting value with further increase of surfac
oncentration above the CMC indicates that all dye molec
re compartmentalized into micelles[27–30]i.e. the amoun
f solubilized CA reach saturation. In 0.02 mol dm−3 surfac-

ant concentration the solubilization of CA in the mice
s practically completed and further addition of surfact
ailed to bring about any spectral change.Fig. 2 present
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Fig. 1. The absorbance change of 1× 10−5 mol dm−3 CA (below and above the CMC) with the concentration of C12TAB ( ), C14TAB (♦), C16TAB (�),
C16PC (©) and C16PB ( ).

the absorption spectra of 1× 10−5 mol dm−3 CA in various
types of cationic micelles and, for the sake of comparison,
also in water.Table 1shows the observedλmax shift values of
CA in the presence of micelles. The red shift is a clear indi-
cation for the incorporation of CA with five cationic micelles
and increased with increasing hydrophobicity of cationic sur-
factants. Going from aqueous solution to the more hydropho-
bic micellar environment the maximum absorbance of CA
shifted a higher wavelength in its absorption maxima and the
shift increased with the surfactant chain length for C12TAB,
C14TAB, C16TAB and the most significant shift was observed
in the presence of C16PB and C16PC.

Table 1
Physical parameters of (1.0× 10–5 mol dm−3) CA in different cationic surfactants at 298 K

Surfactants CMCa (mol dm−3) CMCb (mol dm−3) λmax
c (εc) Kc

d (mol−1 dm3) fmic
e

C12TAB 1.6 × 10−2 7.0 × 10−3 508 (8377) 120 0.706
C14TAB 3.5 × 10−3 1.50× 10−3 538 (8546) 287 0.852
C16TAB 9.2 × 10−4 4.0 × 10−4 543 (8674) 650 0.929
C16PC 9.0 × 10−4 3.50× 10−4 544 (9435) 1228 0.960
C16PB 6.86× 10−4 2.0 × 10−4 546 (9569) 1520 0.970

a The CMCs were taken from literature[34].
b The CMCs were obtained from spectrophotometric determination in the presence of 1.0× 10−5 mol dm−3 CA.
c �max is in nm andεc is in mol−1 dm3 cm−1; error limit in εc is ±1%.
d Error limit in Kc is ±5%. The correlation coefficients are 0.9970, 0.9980, 0.9991, 0.9976, 0.9938 for C16PB, C16PC, C16TAB, C14TAB and C12TAB,

respectively.
e −3 C16TAB

3.1. Determination of binding constant

Change of absorption spectra of CA due to incorporation
into cationic micelles allows obtaining the binding constants.

The equilibrium for the incorporation of the dye (D) into
micelles (M) can be assumed to follow as

D + M
kc
�DM

where D, M, DM andKc represent the dye, micelle,
dye–micelle associate and binding constant (Kc) respectively.
The binding constant,Kc, and molar extinction coefficient
fmic values, at the concentrations of 0.02 mol dmfor C16PB, C16PC,
 , C14TAB, C12TAB.
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Fig. 2. Visible absorption spectrum of 1.0× 10−5 mol dm−3 CA in the absence and presence of 0.02 mol dm−3 C12TAB, C14TAB, C16TAB, C16PC and C16PB,
respectively.

εc can be determined using the Benesi–Hildebrand Equa-
tion [31] which is valid for high surfactant concentrations
[5,32,33]in the following modified form

[D] l

d − d0
= 1

εc − ε0
+ 1

Kc[Sm](εc − ε0)
(1)

where D andSm (Sm = total surfactant concentration—CMC)
are the initial molar concentrations of CA and the micel-
lized surfactant concentration respectively,l is the optical
path length of the solution.d andd0 are the absorbances of
CA in the presence and absence of surfactants, respectively.
εc is the molar extinction coefficient of the dye fully bound
to micelles determined in large excess of the micelles. The
plot of (D)l/d− d0 against 1/Sm was found to be linear in all
cases. The extent of CA-surfactant interaction in the aque-
ous mediumKc and εc was calculated from the slope and
intercept.

The binding constants,Kc, presented inTable 1shows
that the surfactants yield different affinities which follow the
order as:

C16PB > C16PC> C16TAB > C14TAB > C12TAB

The order ofKc may represent the trend of the effect on CA
produced by the surfactant micelles. This indicates that the
interaction of CA with cationic micelles not only depends on
t up of
s

C16TAB was found to be much lower than that of both C16PC
and C16PB. The very high binding constants for C16PB and
C16PC showed that strong interactions occur between an-
ionic dye CA and cationic surfactants with pyridinium ring.
It is possible that�–� electronic interactions occur between
dye and surfactants with a pyridinium ring which do not ex-
ist in quaternary ammonium surfactants. Weaker interactions
could also be the result of steric hindrance arising from the
tetrahedral structure of the quaternary ammonium ion. As
shown inTable 1C16PB is more effective than C16PC on
binding of CA that can be explained with the difference in
head groups, C16PC has Cl− and C16PB has Br− [34] i.e.Br−
is more effective than Cl− as expected from hydophilicity of
the head group.

The results inTable 1show thatKc values vary directly
with the band shift and are indirectly proportional with CMC.
Comparison of the binding degree of CA to micelles indicates
a direct correlation betweenKc and hydrophobicity. Also,
the CMC values obtained in the presence of CA has a direct
relation with the hydrophobicity of the surfactants. A linear
relationship between theKc versus 1/dCMC (dCMC = CMC0
− CMCinduced) was obtained for C12TAB, C14TAB, C16TAB
(Fig. 3). The linear relation betweenKc and 1/dCMC can be
fitted to the following equation (R2 = 0.9947).

K
3.480
he hydrocarbon chain length but also on the head gro

urfactant. The values ofKc of CA with C12TAB, C14TAB,

c =

dCMC
− 362.60 (2)
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Fig. 3. The plot of the linear relation betweenKc and 1/dCMC for C12TAB, C14TAB and C16TAB.

Comparison ofKc values for C16TAB, C16PC and C16PB
shows that the molecular structure (having pyridinum ring)
plays a fundemental role on the hydrophobic interacton and
could represent its degree of hydrophobicity.

A comparison of the efficiency of cationic micelles on
holding CA can be made also fromfmic values. Once theKc
value is determined the fraction of micellized CA (fmic) can
be calculated using the following equation[6,35].

fmic = KcM

1 + KcM
(3)

The values offmic of CA calculated for 0.02 mol dm−3 sur-
factant concentration are listed inTable 1. The fraction of
bound CA to micelles followed the same order as;

C16PB > C16PC> C16TAB > C14TAB > C12TAB

The standard free energy change�G0 can be calculated
from the values ofKc, as follows[28,36]: �G0 = −RT lnKc.

�G0, which is an indication of the tendency of the binding
of CA to micelles, shows that CA interacts with C16PC and
C16PB more easily and strongly than with alkyltrimethylam-
monium bromides at the same conditions. As seen inTable 2

Table 2
Values of standard free energy changes for the interaction of CA with cationic
m

S
�

the�G0 values increased with increasing hydrophobicity of
cationic surfactants.

3.2. Effect of medium polarity

As mentioned earlier CA exhibits a maximum at 492 nm
under the working conditions the increase in absorbance with
red shift caused from incorporation of CA to cationic mi-
celles.

In order to gain further insight about the localization of
CA into the various cationic micelles it has been monitored
the dependence of CA absorption on the solvent medium (a
series ofn-aliphatic alcohols). Theλmax shift of CA in n-
aliphatic alcohols of decreasing polarity was plotted against
the corresponding dielectric constant (∈). Fig. 4 shows that
the reduction of polarity involved a red shift and that the
relationship betweenλmax (nm) and dielectric constant (∈).
As the shifts produced by surfactants were outside the range
obtained with thesen-alcohols, the dielectric constant val-
ues characteristics of surfactants were calculated byEq. (4)
derived fromFig. 4(Table 3).

Ln(λ) = Ln 553.97− 0.035∈ (4)

The location in micelles depends upon the structure of
dye which may penetrate deeply into the nonpolar hydrocar-
b e of
m nce
o ylic
icelles

urfactants C12TAB C14TAB C16TAB C16PC C16PB
G (kJ/mol) −11.86 −14.02 −16.05 −17.62 −18.15
on core or remain adsorbed at relatively polar surfac
icelle[27,29]. It has previously found that in the prese
f cationic surfactants, aromatic compounds with carbox
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Fig. 4. λmax values for 1.0× 10−5 mol dm−3 CA in a series ofn-alcohols (MeOH, EtOH, PrOH, BuOH, PenOH, HexOH, OctOH) as a function of the dielectric
constants of the media at 298 K.

acid groups[37] are incorporated into the water-rich Stern
layer of the micelle in a sandwich arrangement. This per-
mits not only the hydration of the hydrophilicCOO− group
but also the solvation of the aromatic ring of the dye by the

N+(CH3)3 group and the participation of Van der Waals
interactions between adjacent surfactant chains and the dye
organic moiety (hydrophobic forces). In this situation the mi-
croenvironment of the chromophore has clearly changed from
that existing in the bulk phase and this change is the cause
of the spectral shift observed. Micelles are characterized by
three distinct regions: a nonpolar core formed by hydrocar-
bon tails of the surfactant, a compact Stern layer having the
head groups and a relatively wider Gouy–Chapman Layer
that encompasses majority of counter ions. Depending on
the nature of the solute and micelle, a solute molecule may
take place either to the non-polar core of micelles or to the
micelle–water interfaces[38,39]. The micellar surface is less
polar than water and the ionic micelles have a polarity near

Table 3
Shift of the maximal absorption of 1× 10−5 mol dm−3 CA in the presence
of micelles, the corresponding apparent dielectric constant and the transition
energies

Surfactant �λmax Dielectric constant �ET × 105 (joule)

C12TAB 12 13 7.47
C
C
C
C

to that of pure ethanol even at the Stern layer[40,41]. In this
context, it is worth mentioning the importance of the pres-
ence of a COO− group in CA. In the aromatic system with
a COO− group the negative charge is delocalized and dis-
tributed over the terminal COO− group and the aromatic
ring of CA; thus the cationic end of the surfactant will tend to
interact electrostatically less with theCOO−. The COO−
group will therefore be buried deeper in the micelle leading
to diminished electrostatic interaction between theCOO−
groups and the charged head-groups of the surfactant[8,42].

Dielectric constant of the medium derived fromEq. (4)
and electronic transition energy corresponding to the red
shift calculated from�ET = hc/�λmax, where �λmax
= λmax(CA–surfactant)− λmax(CA–water) were listed in
Table 3. Comparing the red shift (�λmax) values in the pres-
ence of cationic micelles it is seen that the red shift increased
with decreasing medium polarity.The parallelism between
polarity of the medium and electronic transition energies
demonstrate the significant influence of hydrophobic inter-
action on localization as well as micellar binding degree. It
can be concluded that CA molecules penetrate deeper towards
the hydrocarbon core with increasing hydrophobicity of the
surfactants.

4. Conclusions

mi-
c

14TAB 46 3.35 2.60

16TAB 51 2.80 2.35

16PC 52 2.72 2.30

16PB 53.5 2.53 2.23

Based on the study of the binding of CA to cationic

elles the following conclusions can be drawn.
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1. The λmax value of CA shifted to high wavelength in
the presence of cationic micelles studied. The magnitude
of this shift increased with increasing hydrophobicity of
cationic surfactants. The magnitudes of these red shifts
are comparable and indicate a decrease in polarity around
the chromophore of CA molecule.

2. TheKc values of CA increased with the hydrophobicity of
cationic surfactants indicate that hydrophobic interaction
plays a major role in solubilization. It was observed that
the CMC values of cationic surfactants decreased in the
presence of CA has a direct relation between hydropho-
bicity of surfactants. It is evident fromTable 1the binding
constant values are smaller for alkyltrimethylammonium
bromide than for CPC and CPB. The marked increase in
red shift in the presence of C16PC and C16PB indicates
deeper localization of CA towards the micellar core in
comparison to C12TAB, C14TAB and C16TAB.

3. TheKc values and theλmax value of CA in the presence of
micelles and solvents are in conformity with the current
view that the more hydrophobic character of the surfac-
tants, the deeper is CA penetration to the interior of the
micelle.
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