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Abstract

Anionic dye—cationic surfactant interaction was measured in a solution of a nonionic surfactant with a concentration greater than the critical
micelle concentration using potentiometry. Two azo dyes namely, C.I. Acid Red 88 and C.I. Acid Orange 7, the cationic surfactant dodecyltri-
methylammonium bromide and seven nonionic surfactants were studied. The use of ion-selective membrane electrodes for potentiometric
titrations and the theoretical model chosen enabled two constants to be established: (i) the association constant, K;, for the first association
step in the formation of a complex between the anionic dye and cationic surfactant in the solution of the nonionic surfactant and (ii) the asso-
ciation constant, k;, for the first association step in the formation of the cationic surfactant—micelle of the nonionic surfactant complex. The
thermodynamic parameters AGY, AHY, and ASY for these two steps were determined. The tendency to form dye—cationic surfactant complexes
in a micellar solution of the nonionic surfactant decreases as the hydrophile—lipophile balance of the nonionic surfactant increases. This finding
is in contrast to that obtained for the interactions between cationic and nonionic surfactants under the same conditions. An increase in the
hydrophile—lipophile balance of the nonionic surfactant also reduced the AH) and ASS values for complex formation; the formation of the

dye—cationic surfactant complexes in ternary mixtures is an entropy-driven process, regardless of nonionic surfactant structure.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Mixtures of surfactants have a great technological signifi-
cance in the dyeing of textiles because they assure more
even dyeing of textile substrates. Usually, mixtures of surfac-
tants are compounds of ionic and nonionic surfactants, where
the concentration of ionic surfactants is lower than the critical
micelle concentration (c.m.c.) and the concentration of non-
ionic surfactants is higher than c.m.c. Ionic surfactants can
be either dye-substantive or fibre-substantive [1]. A surfactant
is dye-substantive when it carries a charge opposite to that of
the dye and, as a result, complexes between surfactant ions
and dye ions are formed. Complexes thus formed reduce dye
adsorption at low temperatures and, therefore, enable uniform
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distribution of dye between and within fibres. However, the
strength of complexes should not be so strong so that they
are prohibited from falling apart at higher temperatures; other-
wise, an insufficient bath exhaustion could occur. The addition
of an ionic surfactant to the solution of an ionic dye with the
opposite charge often leads to the formation of insoluble
complexes, manifested as precipitates. Precipitation can be
prevented by adding either an amount of the ionic surfactant
exceeding the stoichiometric amount or by adding a nonionic
surfactant at a concentration higher than c.m.c. to the solution.
The first addition will result in a formation of complexes
involving more ions of surfactant to each dye ion, whilst the
second addition will cause solubilisation of formed complexes
into the micelles of a nonionic surfactant.

Fibre-substantive surfactants carry the same charge as dye
ions. They compete with dye ions for free fibre sites. If dye
ions have greater affinity for fibres than surfactant ions, then
dye ions will displace surfactant ions during dyeing and
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bind to the functional groups of fibres. Understanding both the
working mechanism of surfactants as levelling agents and the
influence of different factors (the structure of both the dye and
the surfactant, the temperature of the system, the addition of
nonionic surfactant into the mixture of dye and surfactant)
on the strength of dye—surfactant interactions contributes to
a more rational use of surfactants as levelling agents in dyeing.

The scientific literature contains a series of studies about
dye—surfactant interactions [2—17] and surfactant—surfactant
interactions [18—26] in binary mixtures. Studies of ionic
dyes—ionic surfactants interactions in the presence of micelles
of nonionic surfactant in the solutions are very rare [l14—
16,27—30]. Most of the ternary mixture studies are qualitative
[27—29] and only a few of them are quantitative [14—16,30].
More recently, studies on the solubilisation of polycyclic hy-
drocarbons into mixed micelles composed of ionic and non-
ionic surfactants [31—35] have been gaining ground.

To date, no research into the influence of the hydrophile—
lipophile balance (HLB) value of nonionic surfactants on
anionic dye—cationic surfactant interactions has been pub-
lished. Therefore, the influence of branching and the length
of both the hydrophilic and hydrophobic groups of nonionic
surfactants on the thermodynamics of anionic dye—cationic
surfactant interactions has been studied by potentiometry
within the framework of our research. Thermodynamic func-
tions, the standard free energy change, the standard enthalpy
change and the standard entropy change, for the first associa-
tion step of the surfactant—surfactant complex formation in
a binary mixture and the first association step of dye—surfac-
tant complex formation in a ternary mixture, have been calcu-
lated and compared to those obtained in our previous research
where the anionic dye—cationic surfactant interactions were
studied in a binary mixture [15]. It is assumed that the pres-
ence of a nonionic surfactant with a concentration higher
than c.m.c. in the solution of an anionic dye and a cationic
surfactant influences the strength of the anionic dye—cationic
surfactant interactions.

2. Experimental
2.1. Materials

Two anionic dyes, C.I. Acid Red 88 (AR88) and C.I. Acid
Orange 7 (AQO7), cationic surfactant N-dodecyltrimethylam-
monium bromide (DTAB), and seven nonionic surfactants of
different structures — Brij 30 (BR30), Brij 35 (BR35), Brij
56 (BR56), Brij 58 (BR58), Brij 700 (BR700), Tween 20
(TW20) and Triton X-100 (TX100) — were used in this
research. The anionic surfactant sodium dodecylsulphate
(SDS), one of the components of a carrying complex, was
used during the preparation of the ion-selective membrane
electrode (ISE). Structural formulae of dyes and surfactants
are given in Fig. 1. All substances are Aldrich Chemical Co.
products. Anionic dyes AR88 and AO7 were purified via three
recrystallizations from an N,N’-dimethylformamide/acetone
mixture. Surfactants DTAB and SDS were purified by means
of three recrystallizations from acetone. Nonionic surfactants,

which were in the form of highly concentrated liquid, paste or
granule, were not purified any further.

2.2. Potentiometric method

Potentiometric titrations were carried out by means of
a galvanic cell and by using ISE, including the DTAB—SDS
carrying complex, which assures that the membrane will be
sensitive to free DTAB cations and free SDS anions. The
composition of the electrode cell was as follows:

Hg | Hg>Cly | KClsaa, || test solution | polymer membrane |
1.0x10*m DTAB in 0.lm NaCl (inner reference
solution) | AgCl | Ag

ISE was created by our lab following previously published
procedures [36]. Measurements of e.m.f., E, versus the total
concentration, mg, of DTAB were carried out in the aqueous
solutions of nonionic surfactants BR30, BR35, BR56, BR5S,
BR700, TW20 and TX100, mixtures of AR88 dye and the
above mentioned nonionic surfactants, and mixtures of AOQ7
dye and nonionic surfactants BR56, BR58 and BR700. The
concentration of nonionic surfactants was 5.0 x 10~ mol/kg
(a concentration higher than c.m.c.) and the concentration of
dyes was 1.0 x 10~* mol/kg in all the studied solutions. All
solutions were prepared in double distilled water, containing
5.0 x 1072 mol/kg NaBr. Since solutions were prepared by
weighing, the concentrations are expressed in molal concen-
trations. Measurements of E versus the logarithm of the molal
concentration, log mg, of DTAB were carried out at pH 6 at
four different temperatures, i.e., 15, 25, 35 and 45 °C.

2.3. Spectrophotometry

The visible absorption spectra of dye—nonionic surfactant
solutions were recorded at 25 °C on a Varian Cary 1E UV—
Visible Spectrophotometer using 1 cm cells. The dye concen-
trations were 5.0 x 107> mol/kg for both AR88 and AO7.
The surfactant concentrations were 5.0 x 10~ mol/kg for
nonionic surfactants BR56 and BR700, and 1.0 x 10~* and
1.0 x 10~ mol/kg for the cationic surfactant DTAB.

3. Results and discussion

Figs. 2 and 3 show plots of E versus log mg of DTAB in
5.0 x 107> m solutions of nonionic surfactants BR30, BR56
and BR700 at 15, 25, 35 and 45°C, a mixture of
5.0x 10> m BR56 and 1.0 x 10*m AO7, and a mixture
of BR56—ARS88 of the same concentrations at 25 °C. It can
be seen from both the figures that calibration curves, obtained
at a titration of 5.0 x 10~ m aqueous solution of NaBr with
surfactant DTAB, are linear over the concentration range of
8.0x107° to 7.0 x 107 mol/kg. In compliance with the
Nernstian response [37], the slope of a linear plot was
+56.7 mV/decade at 15°C, +58.6 mV/decade at 25 °C,
+60.5 mV/decade at 35 °C and +62.4 mV/decade at 45 °C.
It is evident from the figures that the calibration curves devi-
ate from linearity at both very low and very high DTAB con-
centrations in the solution. Deviation at a very low DTAB
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Fig. 1. Chemical structures of the used dyes and surfactants.

concentration is the consequence of the limit of detection of
the ISE, while the deviation from linearity at DTAB concen-
trations higher than c.m.c. is the consequence of DTAB
micellization. Figs. 2 and 3, representing titration curves of
DTAB—BR30, DTAB—BR56, DTAB—BR700, DTAB—
BR56—A07 and DTAB—BR56—ARSS studied systems, show
that the titration curves deviate from linearity over the whole
concentration range measured. They lie below the calibration
curve, which means that at any measured concentration of
DTAB the concentration of free cations, mgy, of DTAB de-
tected by ISE is lower than the total concentration, mg. The
reason for that was ascribed to the binding of DTAB cations
to a nonionic surfactant and to an anionic dye, since DTAB
ions bound into a complex are not perceived by the ISE.
Since calibration curves are linear over the studied concen-
tration range, the total concentration, ms, of DTAB at any

measured value E could be read from the titration curve and
the corresponding concentration, mgy, of free DTAB cations
from the calibration curve. Accordingly, the concentration of
DTAB cations bound to a nonionic surfactant or a dye, is equal
to (ms — ms k).

To be able to analyse the results obtained in the ternary
mixture of a dye and two surfactants, it is necessary to
consider all interactions which can occur between the species
in such complex system, regardless of their tendency and
strength. These interactions are presented in the following
equilibrium reactions:

S* + D < DS (1)

nN < M )
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Fig. 2. Plots of e.m.f., E, of the cell versus the logarithm of the molal concen-
tration, log mg, of DTAB in 5.0 x 1073 mol/kg solution of BR30, BR56 and
BR700 at different temperatures. — O —: calibration curve, — @ —: BR30,
— [l —: BR56, — A —: BR700.

St + M < MS* (3)
D+ M MD™ (4)
DS + M < MSD (5)

where ST and D™ refer to the free DTAB cation and the free
ARB88 or AO7 anion, N and M are a molecule and a micelle
of a nonionic surfactant, and DS, MS™, MD ™, and MSD are
complexes formed between different species in the mixture.
Based on our spectrophotometric and potentiometric measure-
ments, we can assume that the binding of the dyes AR88 and
AQ7, or of the surfactant DTAB, to free molecules of the stud-
ied nonionic surfactants is negligible in the studied systems.
Although the existence of DS and MS™ complexes in the
mixture could be determined potentiometrically, the results
of our previous work [14] show that the potentiometric method
is not suitable for studying the dye—nonionic surfactant
micelle (MD™) interactions. Therefore, to detect if MD™
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Fig. 3. Plots of e.m.f., E, of the cell versus the logarithm of the molal concen-
tration, log mg, of DTAB in mixtures of BR56—AO7 and BR56—ARS8S8 at
25°C. —O—: calibration curve, —@—: 5.0x 107> mol/kg BR56,
—[O—: 5.0x 107> mol/kg BR56 and 1.0 x 10~* mol/kg AO7, — A —:
5.0 x 107> mol/kg BR56 and 1.0 x 10~* mol/kg ARSS.

complexes exist in the studied systems, the visible spectra of
the AR88 and AO7 solutions were recorded in the presence
of the studied nonionic surfactants. Fig. 4 shows the absorp-
tion spectrum of a 5.0 x 107> m ARS8 solution with an
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Fig. 4. The visible absorption spectra of AR88 with and without the presence of
different surfactants in 5.0 x 107> mol/kg NaBr at 25 °C. Concentration of
ARS88:5.0 x 107° mol/kg, concentration of DTAB: 1.0 x 1074 mol/kg, concen-
tration of BR56 and BR700: 5.0 x 107> mol/kg. (1) ARS8, (2) ARS8 + DTAB,
(3) AR88+BR56, (4) AR88+BR56+ DTAB, (5) ARS88+BR700, (6)
ARS8 + BR700 + DTAB.
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absorption maximum at 504 nm. All the dye spectra obtained
in BR56 and BR700 solutions of the concentrations above the
c.m.c. cause the decrease in absorbance with batochromic
spectral shift at 516 nm. Furthermore, all spectra pass through
two isosbestic points at 460 and 575 nm. All these support the
formation of a 1:1 complex between AR88 and a Brij micelle
in the absence of DTAB. The existing interactions between
AO7 and the nonionic micelles of BR56 and BR700 are evi-
dent in Fig 5. One isosbestic point at 440 nm and the appear-
ance of an absorption peak at 520 nm can be detected in all
dye spectra obtained in BR56 and BR700 solutions, which
confirms the dye—surfactant interactions. These spectra are
very similar to those obtained in the TX100 solution and
were presented in our previous work [14]. These results re-
vealed that the structure of nonionic surfactants does not sig-
nificantly affect the spectra. In this study, the influence of dye
tautomerism on the dye—surfactant complex formation was
not examined in greater detail. But with respect to Oakes
et al. [10,11,29], it should be stressed that the azo—hydrazone
tautomeric equilibrium of the dye strongly influences the loca-
tion of the solubilised dye in a nonionic micelle. According to
these studies, both AR88 and AO7 adopt the hydrazone tauto-
meric form in aqueous media. As water is replaced by less
polar solvents, a progressive shift to shorter wavelengths indi-
cates a shift in the azo—hydrazone tautomeric equilibrium
more to the azo form [38]. This phenomenon was obtained
for both the studied dyes, since the spectrum of ARS8 in
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Fig. 5. The visible absorption spectra of AO7 with and without the presence of
different surfactants in 5.0 x 10> mol/kg NaBr at 25 °C. Concentration of
AO7:5.0 x 107° mol/kg, concentration of DTAB: 1.0 x 1074 mol/kg, concen-
tration of DTAB1: 1.0 x 10> mol/kg, concentration of BR56 and BR700:
5.0 x 10 mol/kg. (1) AO7, (2) AO7+DTAB, (3) AO7+DTABI, (4)
AO7 + BR56, (5) AO7+ BR56 +DTAB, (6) AO7 + BR56 + DTABI1, (7)
AO7 + BR700, (8) AO7 +BR700 + DTAB.

BR56 or BR700 solutions exhibits a peak at 440 nm (Fig. 4)
and the spectrum of AO7 in BR56 or BR700 solutions exhibits
a peak at 430 nm (Fig. 5). From the proportion of dye in the
azo form, which may be estimated from the ratio of the
peak intensity at 430 nm to that at 485 nm for AO7 and the ra-
tio of the peak intensity at 440 nm to that at 504 nm for AR88
[38], it can be concluded that in the solution of nonionic
surfactant, the azo character of both dyes is very small. This
suggested that AR88 and AO7 are located in a more hydro-
philic environment in the nonionic micelles.

To discuss the formation of DS, MS™ complexes in equilib-
rium, Egs. (1) and (3), in a quantitative manner, it is necessary
to introduce an appropriate theoretical model, taking into
account all its assumptions and simplifications. According to
our previous research [14—16], dye—surfactant and surfac-
tant—surfactant interactions could be sufficiently described
using the theoretical model by Rossotti and Rossotti [39],
which is widely used for a large number of systems, especially
those of diluted solutions. In this treatment, it is assumed that
only monomolecular complexes with the general formula C/L,
can be formed in diluted solutions. In a monomolecular com-
plex CL,, where ¢ =1 and p=n, C represents the central
group to which n numbers of ligand L can be bound. In com-
pliance with this model, the binding of the ligand to the central
group can be illustrated in a set of multiple equilibria,
describing the stepwise binding of the ligand to the central

group:

K
L+Ce2CL K, =T (6)
my gMc f
K
L+CL2CL, K=" (7)
my, gMcL
K,
L+CL,  2CL, K=" (8)
mc gMcL,_,

where CL, CL, and CL, are complexes with a different
number, n, of the bound ligand, L, and K;, K,, and K,,, are
the corresponding stoichiometric equilibrium constants, and
my g and mc g are concentrations of free ions of the ligand
or central group and mcy, mcr, and mcy, , are concentrations
of the complexes.

In using the theoretical model for studying the formation of
DS, MS™ complexes, it was assumed that AR88 or AO7 an-
ions and the molecule of a nonionic surfactant BR30, BR35,
BR56, BR58, BR700, TW20 or TX100, bound to the micelle,
represent the central group, while the DTAB cation represents
the ligand. The average number of ligands, L, bound to the
central group, C, can be expressed as a ligand number, B¢,
and calculated from the following equation:

_ Mg My —MLp

Be = — ©)

mc mc

where my g is the concentration of bound ions of the ligand,
my, is the total concentration of ligand, L, and mc is the total
concentration of a central group.



64 M. Kert, B. Simoncic | Dyes and Pigments 79 (2008) 59—68

If the concentration of a ligand in Eq. (9) is expressed as
a sum of the free ligand concentration and the concentration
of ligands bound to the complex, where each mole of a com-
plex includes n moles of bound ligand, then Eq. (9) can be
expressed as:

5 _ mer, + 2””(:]_12 + 3’7’1CL3 + ...+ nmce,
C

= 10
mcr + mcr + Mcr, + Mcr, + ... +Mcr, (10)

In compliance with equilibria Eqgs. (6)—(8), the concentra-
tion of complexes in Eq. (10) can be expressed as a product
between the equilibrium constant and the free ligand concen-
tration. Therefore, Eq. (10) can be expressed as:

. KlmL,F + 2K1K2m]2~,]; + 3K1K2K3mi£ + ...+ nKnm}:F
o 1 +K1mL,F +K1K2mif +K1K2K3ml3‘7F =+ ... +Knmﬁ’F

(11)

In ternary mixtures, where two central groups are present,

the surfactant can be bound on both of them simultaneously.

In that case, the degree of binding of a ligand L to a central

group C in the presence of a central group C’ can be calculated
in the following manner:

Bc

Be = mp —myg — Berme (12)

mc

where the term (c,mc, is equal to the concentration of a ligand
bound to the central group C’. The degree of binding of
a ligand L to the central group C' can be calculated from
the following equation:
fo ="t (13)
mMer
Since the process of binding of ligand L to the central
group C' is identical to the binding of ligand L to the central
group C, the degree of binding of ligand L to the central group
C' can, in accordance with equilibria Egs. (6)—(8), be
expressed as:

2
Kimy g + 2K Kmg p + 3K1.‘<2K3rrliF + A nkmy g

Be (14)

1+ kymyp 4 KiKomi g+ K KoK3my g+ ...+ K] g

where K K K3...k, are stoichiometric equilibrium constants
of complex formation between the ligand L and the central
group C'. If the molecule of a nonionic surfactant, N, bound
to the micelle, M, represents a central group C’ in the studied
systems, then the total concentration of the central group, mc,
is equal to: (my — c.m.c.), where my is the concentration of
a nonionic surfactant.

The process of complex formation between a ligand and
a central group can be graphically presented as binding
isotherms, where the values of (¢ and (B¢, are shown versus
the logarithm of the molal concentration of free ligand,
log my r. In the case of systems where binding of ligand L to
central groups C and C’ rises progressively with the increasing
ligand L concentration, the stoichiometric equilibrium con-
stant, K, for the CL complex formation and the stoichiometric

equilibrium constant, k;, for C'L complex formation, can be
calculated from the following equations:

. 6C . ﬁC’
lim ——=K;; lim
mLE—0 My g mLE—=0 My g

=k (15)

According to Eq. (15), the values of K; and «; can be
obtained by an extrapolation of the curves of B¢/mpr and
Bc/my g versus mp g to the zero free ligand concentration
(mp g =0). In the systems studied, the values of k; correspond-
ing to MS™ complex formation are presented in Table 1, and
the values of K, corresponding to DS complex formation in
the presence of micelles of a nonionic surfactant are presented
in Table 2. From the values of K; and k;, obtained at different
temperatures, the thermodynamic functions, the standard free
energy change, AGY, the standard enthalpy change, AHY,
and the standard entropy change, ASY for the first association
step of DS and MS™ complex formation are calculated from
the following equations [40]:

AG)=—-RTInK,; AG)=-RTInk (16)

dink, AH? dlnk, AH?

dT ~ RT?’ dT  RT?

(17)

Table 1
Association constant, k1, and thermodynamic functions of MS™* complex for-
mation for different studied systems at different temperatures, T

Nonionic HLB® T (°C) «;x 1072 AGY AHY ASY
surfactant (kg/mol) (kJ/mol)  (kJ/mol)  (J/mol K)
BR30 9 15 1.25 —-11.6 —24 30.4
25 0.75 —10.7
35 1.1 —12.0
45 1.0 —122
BR35 17 15 4.15 —144 3.4 623
25 425 —15.0
35 5.35 —16.1
45 445 —16.1
BR56 12 15 3.25 —13.8 —6.4 26.9
25 3.95 —14.8
35 4.0 —-15.3
45 24 —145
BR58 16 15 5.50 —15.1 —6.5 30.5
25 6.95 —16.2
35 45 —15.6
45 475 —-16.3
BR700 18 15 9.30 —16.4 0.1 57.7
25 10.0 —17.1
35 10.4 ~17.8
45 9.2 —18.0
TW20 16 15 35 —14.0 -25 40.3
25 3.9 —14.8
35 3.45 —15.0
45 3.25 —15.3
TX100* 13 15 1.32 —11.7 5.2 58.9
25 1.69 —12.7
35 1.40 —12.7
45 1.76 —13.7

Nonionic surfactant concentration, my, is 5.0 x 1073 mol/kg.

* The results, calculated on micellar basis, have already been presented in
Ref. [15].

® Values obtained from Sigma—Aldrich online catalogue.
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Table 2

Association constant, K, and thermodynamic functions of DTAB—ARS8S and
DTAB—AOQO7 complex formation in the presence of a nonionic surfactant at
different temperatures, T

Dye  Nonionic T (°C) K;x107° AGY AHY ASY
surfactant (kg/mol) (kJ/mol)  (kJ/mol)  (J/mol K)
AR88  BR30 15 41.0 —254 9.2 1215
25 74.0 -27.8
35 55.0 —28.0
45 67.0 —29.4
BR35 15 8.0 —215 —12.1 325
25 7.5 —22.1
35 3.6 -21.0
45 6.1 —23.0
BR56 15 11.0 -223 —4.7 60.1
25 9.25 -22.6
35 6.0 -223
45 10.5 —245
BR58 15 9.0 —21.8 —6.0 543
25 5.0 —21.1
35 13.0 —243
45 5.0 -225
BR700 15 4.0 —19.9 —04 68.6
25 6.2 -21.6
35 32 —20.7
45 49 -225
TW20 15 55 —20.6 0.4 74.4
25 10 —22.8
35 5.0 —21.8
45 7.0 —23.4
TX100* 15 8.5 —21.7 -0.3 73.5
25 7.1 —22.0
35 7.0 —22.7
45 8.5 -23.9
AO7  BR56 15 7.5 —21.4 -2.1 67.0
25 7.7 -222
35 6.4 —224
45 73 —23.5
BR58 15 5.8 —20.7 -9.1 41.0
25 5.4 —213
35 5.7 —22.1
45 3.8 —21.8
BR700 15 2.3 —185 24 73.0
25 2.4 —-19.3
35 32 —20.7
45 23 —20.5

Dye concentration, mp, is 1.0 x 1074 mol/kg, and nonionic surfactant concen-
tration, my, is 5.0 X 1073 mol/kg.
? The results have already been published in Ref. [15].

AH — AG?
T

According to van’t Hoff Eq. (17), if AH? is assumed to be
constant with temperature, it follows that:

AS® = (18)

AH? ASO
anlz_R—T‘l—’—%’ anIZ_RT +T (19)
Therefore, a plot of the natural logarithm of K; or k; versus
the reciprocal temperature gives a straight line. The slope of
the line is equal to minus the standard enthalpy change divided
by the gas constant, —AH/R and the intercept is equal to the
standard entropy change divided by the gas constant, ASY/R.
van’t Hoff plots are presented in Fig. 6 and the calculated

AHO  ASY
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Fig 6. Plots of In K; and In «; versus 1/T for DS complex formation in solu-
tions of nonionic surfactants and for MS™ complex formation in binary mix-
tures. —@—: DTAB—ARS88 in BR30, —l—: DTAB—ARS88 in BRS56,
— A —: DTAB—ARSS8 in BR700, — —¥— —: DTAB—AO7 in BR56,
— —4 — —: DTAB—AO7 in BR700, —O—: DTAB—BR30, —[—:
DTAB—BRS56, — A —: DTAB—BR700.

values of the thermodynamic functions are collected in
Tables 1 and 2.

It can be seen from Tables 1 and 2 that the values of «; are
much lower than the values of K. This means that the strength
of interactions between a cationic surfactant and a molecule of
a nonionic surfactant bound to the micelle was weaker than the
strength of interactions between a cationic surfactant and an
anionic dye in a solution of nonionic surfactant. In compliance
with this observation, in all the studied solutions it was noticed
that the values of AGY for DS complex formation are lower
than those obtained for MS™ complex formation.

The results presented in Table 1 show that the strength of
MS™ complex formation is strongly influenced by the structure
of a nonionic surfactant, where the length and the shape of
hydrophobic hydrocarbon (HC) chain and hydrophilic poly-
oxyethylene (POE) group affect the surfactant—surfactant
interactions. Binding of DTAB to a nonionic surfactant was
the strongest in the solution of BR700, which includes 100
POE units, and was the weakest in the solution of BR30
with 4 POE units. Furthermore, in the case of nonionic surfac-
tants with HC chains of the same length, binding of DTAB
was stronger to BR35 with 23 POE units than to BR30 with
4 POE units; it was also stronger to BR58 with 20 POE units
than to BR56 with 10 POE units. These results reveal that the
increase of POE units in the hydrophilic group of nonionic
surfactant enhanced the MS™ complex formation. On the other
hand, the strength of interactions is also dependent on the
branching of both hydrophilic and hydrophobic chains of
a nonionic surfactant. Among nonionic surfactants with com-
parable hydrophobic chains, DTAB formed weaker interactions
with TW20 consisting of a branched voluminous hydrophilic
chain with 20 POE units than it did with BR35 consisting of
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a straight hydrophilic chain containing 23 POE units. Branch-
ing of the hydrophobic chain of a nonionic surfactant has an in-
fluence on the strength of MS™ interactions that is very similar
to that of the branching of a hydrophilic chain. With the same
number of POE units, DTAB formed stronger interactions with
BR56, containing a straight hydrophobic chain, than with
TX100, whose hydrophobic group is branched. These results
indicate that the branching of hydrophilic or hydrophobic
groups of the nonionic surfactant hindered the binding of
surfactant cation into the MS™ complex. Consequently, the
strength of MS™ interactions increased in the following order:
BR30 < TX100 < BR56 < TW20 < BR35 < BR58 < BR700.
This sequence is not directly related with the HLB values of
nonionic surfactants, which increase in the following order:
BR30 < BR56 < TX100 < BR58 = TW20 < BR35 < BR700.
However, a comparison of the results reveals that the strength
of surfactant—surfactant interactions is generally connected
to the HLB value of the nonionic surfactant, since it is weak
in a solution of a nonionic surfactant with a low HLB value,
and strongly increases in the presence of a nonionic surfactant
with a high HLB value.

The results presented in Table 2 show that the strength of
DS complex formation in the solution of a nonionic surfactant
strongly depends on the structure of the nonionic surfactant
and the dye. The lowest values of AG) for DS complex
formation were noticed for the mixture consisting of DTAB,
ARS8, and BR30, indicating the strongest interactions, while
the highest AG? values (and therefore the weakest interac-
tions) were determined for the mixture of DTAB, AO7, and
BR700. According to this, the strength of DTAB—ARSS8
interactions increased in the following order: BR700 <
BR35 < TW20 < BR58 < TX100 < BR56 <BR30, and in-
creased for DTAB—AOQO7 interactions in the following order:
BR700 < BR58 < BR56. These results reveal that the strength
of DS interactions was decreased by increasing the HLB value
of a nonionic surfactant, which, surprisingly, correlates much
better to the HLB value than that of MS™ interactions. This
phenomenon was obtained for both the studied dyes. In the
case of the above order, it can be seen that the tendency for
DTAB—ARS88 complex formation was higher in the presence
of BR30 than BR35, and complex formation was also higher
in the presence of BR56 than BR58, which is just opposite to
that observed for MS™ interactions. The branching of a hydro-
philic or hydrophobic chain of a nonionic surfactant had
a weaker influence on the strength of DS interactions in com-
parison to MS™ interactions in a binary mixture. It can also be
seen from Table 2 that DTAB formed stronger interactions to
ARS8S than to AO7, irrespective of a nonionic surfactant struc-
ture. These results reveal that AR88, whose structure includes
one more aromatic ring than AO7, formed stronger attractive
interactions with DTAB. The same findings have been ob-
served while studying CTA—ARS88 and CTA—AQ?7 interaction
strength in TX100 solution at 25 °C [16]. To conclude, the
results presented in Tables 1 and 2 show that the increase of
the strength of MS™ interactions causes a reduction in the
strength of DS interactions. In ternary mixtures, the stronger
the binding of DTAB to the micelle of a nonionic surfactant

the weaker the binding of DTAB to the dye anion, and vice
versa (see also Fig. 0).

The values of AHY presented in Tables 1 and 2 are between
+10 and —12 kJ/mol. These values are much higher than those
of AHY for DTAB—ARS8 complex formation in the absence of
nonionic surfactants, which were equal to —42.0 0.6 [15],
indicating that the MS™ as well as DS complex formation in
solutions of nonionic surfactants was much less exothermic
than that of DS complexes in a binary mixture. Furthermore,
it should be stressed that by using the van’t Hoff equation,
the values of AH? and AS? were determined indirectly, which
could have resulted in some experimental error. Irrespective of
this, the results presented in Fig. 7 reveal that the HLB value
of a nonionic surfactant significantly influenced the AH?
value. While the increase of the HLB value caused the
increase of AHY for MS' complex formation, it resulted in
decreased AHY values for DS complex formation.

Tables 1 and 2 demonstrate that the values of ASY for both
MS™ and DS complex formations are high and positive com-
pared to those obtained for the DTAB—ARS88 binary mixture,
whose values are low and negative [15]. The results presented
in Fig. 8 reveal that the value of ASY increased with increasing
HLB values of a nonionic surfactant in the MS™ system, while
it decreased in the DS system. Accordingly, the highest AS?
value was obtained for DTAB—ARSS interactions in a solution
of BR30, which was related to the lowest ASY value obtained
for DTAB—BR30 interactions. The nature of interactions be-
tween DTAB surfactant and AR88 dye in the solution of
BR30 is endothermic (AH(f > 0), with high positive values
of ASY, indicating that the DTAB—ARS8 complex formation
is an entropy-driven process. Taking our previous findings
into consideration, we can conclude that for both MS™ and
DS complex formation, the stronger the interactions between
species, the lower the AGY value and the higher the AHS
and ASY values.

High positive values of ASJ for DS complex formation in
a solution of nonionic surfactants, which are much higher
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Fig 7. AHY for MS™ complex formation (O) and for DS complex formation
(@) versus the HLB values of nonionic surfactants. — — —: regression
line through O, ——: regression line through @.
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Fig 8. AS{ for MS™ complex formation (O) and for DS complex formation
(@) versus the HLB values of nonionic surfactants. — — —: regression
line through O, ——: regression line through @.

than those obtained for DS interactions in binary mixtures
[15], reveal that not only the intermolecular forces but also
the surrounding is very different for both DS complexes.
Namely, a positive value of AS{ is the consequence of a disrup-
tion of the hydrophobically structured water molecules around
the dye and surfactant molecules when DS complex formation
takes place. The positive AS] value seen here indicates that
hydrophobic interactions play the main role for DS interac-
tions in the presence of a nonionic surfactant, and that these
interactions are much less important in binary mixtures. This
finding is confirmed by spectra presented in Figs. 4 and 5,
where the shape of DTAB—ARS88 and DTAB—AO7 spectra
changed significantly when BR56 or BR700 was added into
the solution, and became very similar to those obtained for
ARS88 and AO7 in solutions of nonionic surfactants. Following
this observation, it can be concluded that in addition to the
equilibrium reactions (1) through (4), reaction (5) took place
in the ternary mixtures where DS complexes were solubilised
in the micelles of nonionic surfactants.

4. Conclusions

Taking into consideration the results obtained, the follow-
ing can be concluded:

- The structure of a nonionic surfactant plays an important
role during the association process between an anionic
dye and a cationic surfactant in ternary mixtures.

The tendency to form DS complexes in ternary mixtures
decreases with increasing HLB value of a nonionic
surfactant. By increasing the length of a POE unit in the
hydrophilic chain of a nonionic surfactant, the strength
of DS interactions in ternary mixture decreases, while
the branching of a hydrophilic or hydrophobic chain of
a nonionic surfactant has a weaker influence on the
strength of dye—surfactant interactions.

The increase of the HLB value of a nonionic surfactant re-
sulted in decreased AH(l) and AS? values for DS complex

formation. Consequently, the stronger the interactions
between species, the lower the AG) value and the higher
the AHY and AS? values.

- The formation of DS complexes in the presence of
nonionic surfactants is entropy-controlled irrespective of
the structure of a nonionic surfactant, which enables the
conclusion that DS complexes were solubilised in the
micelles of nonionic surfactants.
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