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Abstract

The influence of the structures of both dye and surfactant on the strength of the intermolecular forces operating between dye anions and
surfactant cations in the presence of nonionic surfactants has been studied using potentiometry. Two anionic azo dyes, C.I. Acid Orange 7
(AO7) and C.I. Acid Red 88 (AR88), two cationic surfactants, n-dodecyltrimethylammonium bromide (DTA) and n-hexadecyltrimethylammonium
bromide (CTA) and two nonionic surfactants, 4-(1,1,3,3-tetramethylbutyl)phenyl polyoxyethylene(10)-ol, Triton X-100 (TX100), and poly-
oxyethylene(23)lauryl ether, Brij 35 (BR35), were used. From potentiometric measurements, the equilibrium constants, K1 and k1, and the stan-
dard free energy change, DGo

1, for the first association step of dyeesurfactant and surfactantesurfactant complex formation in binary and ternary
mixtures were calculated. The results show that the strength of dyeesurfactant interactions, as well as the stability of the complex formed,
increases with increasing hydrophobicity of surfactant and dye. The influence of the hydrophobicity of the anionic dye and cationic surfactant
on their interactions is decreased in the solution of nonionic surfactant. At the same time, the presence of structural elements of the nonionic
surfactants, which promotes an increase in the attractive forces between the cationic and nonionic surfactants, decreases the strength of the
interactions between the cationic surfactant and the anionic dye.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In aqueous solution, attractive forces between dyes and sur-
factants result in the formation of complexes of different size
and stability. This phenomenon can be successfully applied to
dyeing processes to help solve the problem of unlevel dyeing.
In these systems, the surfactant acts as a levelling agent in the
presence of dyes; the dyeesurfactant attractive forces, which
create a counterbalancing mechanism against dyeefibre at-
tractive forces, control the adsorption of the dye on the fibre
[1,2]. The literature shows that complex formation between
the dye and surfactant decreases the velocity and the degree
of dye exhaustion, which results in an increase in levelness
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[3e8]. The effectiveness of a surfactant as a levelling agent
that functions by this mechanism depends on the strength of
dyeesurfactant interactions and the stability of the complex
formed. If attractive forces between the dye and surfactant
are very strong, and consequently the stability of the complex
is very high, the breakdown of the complex is hindered even at
higher temperatures. This results in a low degree of dye uptake
by the fibre. Since the solubility of such a complex in water
could strongly decrease, this could cause it to be precipitated.
Conversely, if intermolecular forces are too weak, an unstable
complex is formed in the solution, which results in an ineffec-
tive levelling action of the surfactant. Hence, the strength of
dyeesurfactant interactions and the stability of the complex
are of great importance for level dyeing.

Dyeesurfactant interactions are influenced by many fac-
tors, among which the structures of the dye and the surfactant
are of paramount importance. Much research work is focused
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on investigation into the influence of ionic activity and hydro-
phobicity of the dye and surfactant on their interactions in
aqueous solution. These investigations are mainly carried out
on binary dyeesurfactant mixtures, which are relatively un-
complicated to study [9e22]. In contrast to these systems, ter-
nary mixtures, which include two surfactants present in a dye
solution, are very complex and therefore much more demanding
to study. However, since many surfactants cause synergistic
behaviour in mixtures, the technological importance of such
systems is very high. Studies that deal with dyeesurfactant
interactions in ternary mixtures are, because of their complex-
ity, very rare. In the literature, investigations into such systems
are mainly qualitative [22e26]. The only quantitative investi-
gation was presented in our previous studies [27,28] where the
thermodynamics of an anionic dye and cationic surfactant in
the presence of a nonionic surfactant was studied with a poten-
tiometric method.

The aim of this work was to investigate the influence of the
dye and surfactant structures on the strength of intermolecular
forces between dye anions and surfactant cations as well as
the stability of complex formed in the presence of nonionic
surfactants of concentrations higher than critical micellar
concentration (c.m.c.). We also discussed the influence of
hydrophobicehydrophilic balance (HLB) of the nonionic sur-
factant on the tendency of anionic dyeecationic surfactant
complex formation. The results obtained in ternary mixtures
are compared to those obtained in binary dyeesurfactant and
surfactantesurfactant mixtures under the same conditions.

2. Theory

The dyeesurfactant and surfactantesurfactant complex for-
mation process can be explained using the theoretical model
proposed by Rossotti and Rossotti [29], which is widely
used for a large number of systems, especially of diluted solu-
tions. In this treatment, it is assumed that only mononuclear
complexes are formed in solutions with the general formula
BqAp, where q¼ 1 and p¼ n. In such a complex, A is the li-
gand and B is referred to as the central group. The formation
of the complex can be described as a set of multiple equilibria:

AþB !K1
BA ð1Þ

AþBA !K2
BA2 ð2Þ

.

AþBAðn�1Þ !
Kn

BAn ð3Þ

where BA, BA2, BA(n�1) and BAn refer to complexes with dif-
ferent numbers of bound ligand A, n, and K1, K2, ., Kn are
the corresponding stoichiometric equilibrium constants.

The extent of mononuclear complex formation can be
expressed in terms of the degree of binding, b. In this case,
the average number of ligand A bound to each central group
B may be calculated from the relationships [29]:
bB ¼
mA �mA;F

mB

ð4Þ

where mA is the total concentration of ligand A, mB is the total
concentration of central group B and mA,F is the concentration
of free molecules of ligand A in solution.

Assuming that in studied solutions only mononuclear com-
plexes can be formed, the total concentrations of A and B may
be expressed as a sum of the free ligand or central group con-
centration and the concentrations of complexes of different
sizes. Therefore, Eq. (4) can be converted into the form:

bB ¼
mAB þ 2mA2B þ 3mA3B þ/þ nmAnB

mB;FþmAB þmA2BþmA3B þ/þmAnB

ð5Þ

where each mole of complex includes n mole of bound A.
Moreover, according to the multiple equilibria (1)e(3), the
concentrations of complexes in Eq. (5) may be expressed by
the free ligand concentration and the equilibrium constants.
Therefore, the degree of binding, bB, can be written as:

bB ¼
K1mA;Fþ 2K1K2m2

A;Fþ/þ nK1K2/Knmn
A;F

1þK1mA;FþK1K2m2
A;Fþ/þK1K2/Knmn

A;F

ð6Þ

In the case where two central groups B and C are present in
the solution, it is considered that ligand A forms complexes
with both species simultaneously. Therefore, the concentration
of bound A consists of two contributions e the first due to
binding of A to B and the second due to binding of A to C.
According to this, the degree of binding of ligand A to central
group B, bB, in the presence of central group C can be calcu-
lated as follows:

bB ¼
mA �mA;F � bCmC

mB

ð7Þ

where bCmC is equal to the concentration of ligand A bound to
central group C. Since the binding process of A to C can be
interpreted in the same way as that of A to B (multiple equi-
libria (1)e(3)), the degree of binding of ligand A to central
group C, bC, can be expressed as:

bC ¼
mA �mA;F

mC

ð8Þ

and

bC ¼
k1mA;Fþ 2k1k2m2

A;Fþ/þ nk1k2/knmn
A;F

1þ k1mA;Fþ k1k2m2
A;Fþ/þ k1k2/knmn

A;F

ð9Þ

where k1, k2, ., kn are the stoichiometric equilibrium con-
stants for formation of complexes between A and C of differ-
ent sizes.

The complex formation process can also be presented
graphically in the form of binding isotherms, where bB or bC

are plotted against the concentration of free ligand, log mA,F.
For systems where the binding process of ligand A to cen-

tral groups B or C increases progressively with increased li-
gand concentration, the equilibrium constants K1 for BA
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complex formation and k1 for CA complex formation can be
calculated from Eqs. (6)e(9) as follows [29,30]:

lim
mA;F/0

bB

mA;F

¼ K1; lim
mA;F/0

bC

mA;F

¼ k1 ð10Þ

If the values of bB/mA,F and bC/mA,F are plotted against mA,F,
the values K1 and k1 are obtained by extrapolating to zero free
ligand A concentration.

From the values obtained for K1 and k1 at different temper-
atures, the standard free energy change, DGo

1, for the forma-
tion of BA and CA complexes in the first step of multiple
equilibria (1) can be calculated as follows [31]:

DGo
1 ¼�RT ln K1; DGo

1 ¼�RT ln k1 ð11Þ

3. Experimental

3.1. Materials

We used two anionic azo dyes, C.I. Acid Orange 7 (AO7) and
C.I. Acid Red 88 (AR88); two cationic surfactants, n-
dodecyltrimethylammonium bromide (DTA) and n-hexade-
cyltrimethylammonium bromide (CTA) and two nonionic
surfactants, 4-(1,1,3,3-tetramethylbutyl)phenyl polyoxyethy-
lene(10)-ol, Triton X-100 (TX100) and polyoxyethylene(23)-
lauryl ether, Brij 35 (BR35). The dyes and surfactants were all
Aldrich Chemical Company commercial products. AO7 and
AR88 were purified by repeated recrystallization from aqueous
acetone solution and from N,N0-dimethylformamide-acetone.
DTA and CTAwere purified by three recrystallizations from ac-
etone while TX100, BR35 and TW20 were used without further
purification. Sodium dodecylsulphate (SDS), another Aldrich
Chemical Company product was used for the preparation of
the ion-exchange complex and was also purified by three recrys-
tallizations from acetone. All solutions were prepared in double
distilled water by weighing and expressed in molal concentra-
tions. Chemical structures of dyes and surfactants are shown
in Fig. 1.

3.2. Potentiometric method

Potentiometric measurements, based on the use of DTA-
and CTA-selective membrane electrodes, were carried out in
the following electrode cell:

Ag jAgCl j reference solution : 1 � 10�4 mol=kg DTAðCTAÞ
þ 0:1 mol=kg NaCl; j polymer membrane j test solution

kKClðsatd:Þ jHg2Cl2 jHg:

Ion-selective membrane electrodes were prepared using
a well-known method [32] and constructed in our laboratory.
The potentiometric method used was also described in detail
in our previous publications [21,28].
AO7 AR88

DTA CTA

BR35

TX100 

NNaO3S NaO3S
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N
N
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Fig. 1. Chemical structures of dyes and surfactants used.
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The potentiometric measurements of e.m.f. (E ) versus total
concentration (mS) of DTA or CTA were carried out in aqueous
solutions with constant concentrations of 1.0� 10�3, 5.0�
10�3, 1.0� 10�2 and 5.0� 10�2 mol/kg TX100 or BR35 and
5.0� 10�5, 1.0� 10�4, 5.0� 10�4 and 1.0� 10�3 mol/kg
AO7 or AR88 and in AO7/TX100, AR88/TX100, AR88/BR35
mixtures, in which the dye and surfactant concentrations
mentioned above were used in combinations. All solutions
contained 5.0� 10�3 mol/kg NaBr. The temperatures used
were 25 �C.

4. Results and discussion

Fig. 2 shows the plots of E versus log mS of CTA in CTA/
AO7/TX100 mixtures of different concentrations at 25 �C. As
can be seen from the figure, the calibration curves which
represent plots E versus mS of CTA in water without AO7
and TX100, are linear over the concentration range of
2.0� 10�6 to 1.3� 10�4 mol/kg. In accordance with the
Nernstian response [33], the slope of the linear plot was
þ59.05� 1.40 mV/decade at 25 �C. All the titration curves,
which represent plots of E versus log mS of CTA obtained in
the presence of AO7 and TX100, deviate from linearity
over the whole concentration range measured. Since, this indi-
cates that at any measured concentration of CTA the concen-
tration of free surfactant cations, which can be detected by
the CTA-selective electrode, is lower than the total concentra-
tion, mS. The electrode is not sensitive to CTA bounded in
dyeesurfactant and surfactantesurfactant complexes.

Calibration curve was obtained below the c.m.c. of CTA,
where linear behaviour is observed at any E measured value,
the total CTA concentration, mS, was got from the titration
curve and the corresponding concentration, mS,F of free CTA
cations from the calibration curve. The concentration of
CTA cations from which the complexes were formed is equal
to mS�mS,F. The same calculations were made for CTA in
CTA/AR88/TX100 mixtures and for DTA in DTA/AR88,
DTA/TX100, DTA/BR35, DTA/AR88/TX100, DTA/AR88/
BR35 mixtures.

Since concentrations of free and bound CTA or DTA cat-
ions as a function of the total concentrations of CTA, DTA,
AR88, AO7, TX100 and BR35 are obtained as a result of
the potentiometric measurements, the degree of binding, bB,
of CTA and DTA to AR88 and AO7 in the absence and in
the presence of nonionic surfactant can be calculated from
Eqs. (4) and (7), and the degree of binding, bC, of CTA and
DTA to TX100 and BR35 from Eq. (8). In this treatment, it
is assumed that cations of DTA and CTA are ligand A, anions
of AR88 and AO7 are the central group B, and micelles of
TX100 and BR35 are the central group C. According to this,
the concentration mC in Eq. (8) stands for the concentration
of the TX100 and BR35 micelles and equals to:

mC ¼
mN� c:m:c:

n
ð12Þ

where mN represents the stoichiometric concentration of non-
ionic surfactant and n, its micellar aggregation number. In the
literature, n is equal to 136 for TX100 [34] and 40 for BR35
[35]. Some of the typical binding isotherms are shown in
Figs. 3e5.

The shapes of adsorption isotherms show that the degree of
binding of cationic surfactant to anionic dye in a binary mix-
ture differs considerably from the one obtained in the presence
of nonionic surfactant under the same measuring conditions.
Comparing the curves in Figs. 3e5 it can be established that
they differ from one another in shape for different systems.
Three different stages can be determined for the adsorption
isotherm of binding surfactant cation to dye anion in binary
mixture (Fig. 3). The early stage where the values of bB in-
crease progressively with the increase in the mS,F concentra-
tion, the middle stage where the values of bB slightly change

log mS

-8 -7 -6 -5 -4 -3 -2

E
(mV)

d)

c)

b)

a)200 mV

Fig. 2. Plots of e.m.f., E, of the cell versus the logarithm of the molal concentra-

tion, log mS, of CTA in TX100 and AO7 mixtures of different concentrations at

25 �C. mN of TX100: (a) 5.0� 10�2 mol/kg; (b) 1.0� 10�2 mol/kg; (c)

5.0� 10�3 mol/kg; (d) 1.0� 10�3 mol/kg. e7e7e, calibration curve;

eCeCe, TX100; eBeBe, TX100 and 5.0� 10�5 mol/kg AO7;

e:e:e, TX100 and 1.0� 10�4 mol/kg AO7; e,e,e, TX100 and

5.0� 10�4 mol/kg AO7; e-e-e, TX100 and 1.0� 10�3 mol/kg AO7.
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with the increase in the mS,F concentration, and the final stage
where the values of bB start increasing dramatically with the
increase in the mS,F concentration. In contrast to the values
of bB, the adsorption isotherms of binding surfactant cation
to the micelle of nonionic surfactant are in constant increase
with the increase in concentration of free surfactant ions in
the solution (Fig. 4). Fig. 5 also shows that the adsorption iso-
therms of binding surfactant cation to dye anion in the pres-
ence of nonionic surfactant are more similar in shape to
those obtained for the surfactantesurfactant interactions than
to those obtained for the surfactantedye interactions in binary

log mS,F

-8 -7 -6 -5 -4 -3 -2

B

0,0

0,5

1,0

1,5

2,0

2,5

3,0

Fig. 3. Binding isotherms of CTA and DTA cations to AR88 and AO7 anions

in binary mixtures at 25 �C. CTA: e-e-e, 1.0� 10�4 mol/kg AR88;

e:e:e, 1.0� 10�4 mol/kg AO7. DTA: eCeCe, 1.0� 10�4 mol/kg

AR88.

-8 -7 -6 -5 -4 -3 -2
0

1
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3

4

log mS,F

C

Fig. 4. Binding isotherms of CTA and DTA cations to TX100 and BR35

micelles in binary mixtures at 25 �C. CTA: eBeBe, 5.0� 10�3 mol/kg

TX100, DTA: eCeCe, 5.0� 10�3 mol/kg TX100; e-e-e,

5.0� 10�3 mol/kg BR35.
mixtures. However, as far as values are concerned they are
much lower.

As it is assumed in the theoretical model used [29], DTA
and CTA binding process increases progressively with in-
creased concentration, and the equilibrium constants K1 for
complex formation between DTA and AR88, CTA and
AR88, and CTA and AO7, and k1 for complex formation be-
tween DTA and TX100, CTA and TX100, and DTA and
BR35 (equilibrium 1) are determined from Eq. (10). Some
of the typical plots of bB/mS,F versus mS,F are shown in
Fig. 6. Furthermore, from the values of K1 and k1 the standard
free energy change for complex formation is calculated using
Eq. (11). The results are collected in Tables 1e3.

The results show that the strength of dyeesurfactant inter-
actions and the stability of complex formed, which in accor-
dance with Eq. (11) increase with the increase in K1 or k1

value and consequently with the decrease in DGo
1 value, in-

crease with the increase in hydrophobicity of the surfactant
and the dye (Fig. 7). In accordance with this, the DGo

1 values
are the lowest in the case of interactions between CTA and
AR88 whose hydrophobic groups are larger than those of
DTA and AO7. Since the difference in DGo

1 values obtained
for the CTAeAR88 and DTAeAR88 interactions is much
higher than that between CTAeAO7 and CTAeAR88 it can
be established that the extension of the hydrophobic chain of
the surfactant by four C atoms has a greater influence on the
increase of the strength of the interactions than the addition
of the aromatic ring in the structure of the dye. The results
are in keeping with the results obtained for the interactions be-
tween the dyes AR88 and AO7 and the surfactants dodecylpyr-
idinium chloride, cetylpyridinium chloride and CTA which
were established potentiometrically and spectrophotometri-
cally [16,18,21].

-8 -7 -6 -5 -4 -3
0,0

0,1

0,2

0,3

0,4

log mS,F

B

Fig. 5. Binding isotherms of CTA and DTA cations to AR88 and AO7 anions

in TX100 or BR35 solutions at 25 �C. CTA: eCeCe, 5.0� 10�3 mol/kg

TX100 and 1.0� 10�4 mol/kg AR88; e-e-e, 5.0� 10�3 mol/kg TX100

and 1.0� 10�4 mol/kg AO7. DTA: eBeBe, 5.0� 10�3 mol/kg TX100

and 1.0� 10�4 mol/kg AR88; e6e6e, 5.0� 10�3 mol/kg BR35 and

1.0� 10�4 mol/kg AR88.
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The increase in the hydrophobicity of cation surfactant re-
sults in a considerable increase of the binding strength of the
surfactant to the micelle of the nonionic surfactant (Fig. 8).
Therefore, the �DGo

1 values for the formation of the CTAe
TX100 complex are more than 10 kJ/mol higher than the
values for the formation of the DTAeTX100 complex. The in-
fluence of the nonionic surfactant structure on the strength of
the interactions is considerably less expressed than the influ-
ence of the cationic surfactant structure. Fig. 8 shows that
the DGo

1 values for the binding of surfactant DTA to surfac-
tants TX100 and BR35 are almost the same. Since the non-
ionic surfactants differ from one another in HLB values as
well as in aggregation number, the results lead to the conclu-
sion that the micelles of the nonionic surfactants, regardless of

0,00 0,02 0,04 0,06 0,08 0,10

B
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0
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Fig. 6. Plots of values of bB/mS,F versus the CTA free cation concentration

mS,F, obtained in AO7/TX100 mixtures of different concentrations at 25 �C.

eBeBe, 5.0� 10�3 mol/kg TX100 and 5.0� 10�4 mol/kg AO7;

eCeCe, 1.0� 10�3 mol/kg TX100 and 5.0� 10�5 mol/kg AO7; e-

e-e, 1.0� 10�3 mol/kg TX100 and 1.0� 10�4 mol/kg AO7; e,e,e,

1.0� 10�3 mol/kg TX100 and 5.0� 10�4 mol/kg AO7.

Table 1

Association constant, K1, and the standard free energy change, DGo
1, of DTAe

AR88, CTAeAR88 and CTAeAO7 complex formation at 25 �C

Surfactant Dye mD

(mol/kg)

K1� 10�5

(kg/mol)

DGo
1

(kJ/mol)

DTAa AR88 5� 10�5 0.8 �28.0

1� 10�4 1.3 �29.2

5� 10�4 2.4 �30.7

1� 10�3 3.0 �31.2

CTA AR88 5� 10�5 125.0 �40.5

1� 10�4 300.0 �42.7

5� 10�4 500.0 �43.9

1� 10�3 600.0 �44.4

AO7 5� 10�5 6.5 �33.2

1� 10�4 13.0 �34.9

5� 10�4 19.0 �35.8

1� 10�3 23.0 �36.3

a Results from Ref. [27].
Table 2

Association constant, k1, and the standard free energy change, DGo
1, of DTAe

BR35 and CTAeTX100 complex formation at 25 �C

Cationic

surfactant

Nonionic

surfactant

mN

(mol/kg)

k1� 10�4

(kg/mol)

DGo
1

(kJ/mol)

DTA TX100a 5� 10�3 2.3 �24.9

1� 10�2 3.0 �25.6

5� 10�2 3.7 �26.1

BR35 5� 10�3 2.2 �24.8

1� 10�2 2.3 �24.9

5� 10�2 2.5 �25.1

CTA TX100 1� 10�3 280.0 �36.8

5� 10�3 450.0 �37.9

1� 10�2 530.0 �38.4

5� 10�2 460.0 �38.0

a Results from Ref. [27].

Table 3

Association constant, K1, and the standard free energy change, DGo
1, of DTAe

AR88 complex formation in the presence of TX100 or BR35 and for CTAe
AR88 and CTAeAO7 complex formation in the presence of TX100 at 25 �C

Cationic

surfactant

Dye Nonionic

surfactant

mN

(mol/kg)

mD

(mol/kg)

K1� 10�3

(kg/mol)

DGo
1

(kJ/mol)

DTA AR88 TX100a 5� 10�3 1� 10�4 7.1 �22.0

1� 10�2 1� 10�4 4.2 �20.7

5� 10�2 1� 10�4 1.6 �18.3

BR35 5� 10�3 1� 10�4 5.5 �21.3

1� 10�2 1� 10�4 3.3 �20.1

5� 10�2 1� 10�4 0.6 �15.8

CTA AR88 TX100 1� 10�3 5� 10�5 150.0 �29.5

1� 10�4 350.0 �31.6

5� 10�4 730.0 �33.4

1� 10�3 1300.0 �34.9

5� 10�3 5� 10�5 11.0 �23.0

1� 10�4 12.0 �23.3

5� 10�4 27.0 �25.3

1� 10�3 68.0 �27.6

1� 10�2 5� 10�5 5.7 �21.4

1� 10�4 5.1 �21.1

5� 10�4 8.1 �22.3

1� 10�3 11.6 �23.2

5� 10�2 5� 10�5 2.9 �19.7

1� 10�4 0.9 �17.0

5� 10�4 0.8 �16.6

1� 10�3 1.4 �18.0

AO7 TX100 1� 10�3 5� 10�5 58.0 �27.2

1� 10�4 88.0 �28.2

5� 10�4 380.0 �31.8

1� 10�3 680.0 �33.3

5� 10�3 5� 10�5 11.5 �23.2

1� 10�4 12.5 �23.4

5� 10�4 23.0 �24.9

1� 10�3 45.0 �26.5

1� 10�2 5� 10�5 2.1 �18.9

1� 10�4 3.2 �20.0

5� 10�4 5.5 �21.3

1� 10�3 8.2 �22.3

5� 10�2 5� 10�5 e e
1� 10�4 0.7 �16.2

5� 10�4 0.6 �16.0

1� 10�3 0.8 �16.5

a Results from Ref. [27].



110 B. Simon�ci�c, M. Kert / Dyes and Pigments 76 (2008) 104e112
their size and the ratio between the hydrophilic and hydropho-
bic groups, create a similar environment for the cationic sur-
factant binding in binary mixtures.

In ternary mixtures, the results presented in Figs. 9e11
show that the influence of the dye and the cationic surfactant
structure on the strength of the dyeesurfactant interactions in
the presence of the nonionic surfactant TX100 is very similar
to the one in binary mixtures. The strength of binding DTA
and CTA surfactants to the AR88 and AO7 dyes is directly
dependent on their hydrophobicity. Simultaneously, it was
determined for all the studied systems that the tendency to
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Fig. 7. Plots of DGo
1 versus the logarithm of dye concentration, log mD, for the

first step of the cationic surfactanteanionic dye complex formation at 25 �C.

eCeCe, DTAeAR88; e-e-e, CTAeAO7; e:e:e, CTAeAR88.
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Fig. 8. Plots of DGo
1 versus the logarithm of nonionic surfactant concentration,

log mN, for the first step of the cationic surfactantenonionic surfactant com-

plex formation at 25 �C. eCeCe, DTAeTX100; e-e-e, DTAe
BR35; eBeBe, CTAeTX100.
form DTAeAR88, CTAeAR88 and CTAeAO7 complexes
increases with the increase in the concentration of the AR88
or AO7 dye in a TX100 surfactant solution of the lowest
concentration and that the increase in the TX100 surfactant
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Fig. 9. Plots of DGo
1 versus the logarithm of dye concentration, log mD, for the

first step of the anionic dyeecationic surfactant complex formation in the pres-

ence of TX100 of different concentrations at 25 �C. d, DTAeAR88 (results

from Ref. [27]), e e, CTAeAR88. mN of TX100: 1 e 5.0� 10�3 mol/kg,
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1 versus the logarithm of dye concentration, log mD, for

the first step of the anionic dyeecationic surfactant complex formation in
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concentration causes a decrease in the tendency to form com-
plexes in spite of the increase in the concentration of AR88 or
AO7 dye.

Fig. 9 shows that the strength of the CTAeAR88 interac-
tions of all the studied TX100 concentrations is higher than
that of DTAeAR88 which is in accordance with the results ob-
tained in binary mixtures (Fig. 7). The presence of the TX100
surfactant influences the decrease in the difference in strength
of the CTAeAR88 and DTAeAR88 interactions. The differ-
ence, which is most noticeable at the lowest TX100 concentra-
tion in the ternary mixtures, decreases with the increase in the
TX100 concentration.

The strength of the interactions between the cationic surfac-
tant and the anionic dye increases with the increase in the
hydrophobicity of the dye (Fig. 10) even in the presence of
the nonionic surfactant. The results show that the binding of
the CTA surfactant to the AR88 dye is stronger than that to the
AO7 dye regardless of whether it is performed in the absence
or presence of the TX100 surfactant.

Fig. 11 shows that the strength of interactions between the
DTA surfactant and the AR88 dye decreases with increased
concentration of the nonionic surfactant, regardless of its
structure. The decrease in the strength of the interactions
with increasing concentration of the nonionic surfactant is
slightly lower in the presence of TX100 than in the presence
of BR35, from which it can be established that the DTAe
AR88 interactions in the surfactant TX100 solution, especially
with high concentrations of TX100, are stronger than in the
surfactant BR35 solutions. This means that the structure of
the nonionic surfactant influences the strength of the interac-
tions between the cationic surfactant and the anionic dye.
By comparing the chemical formulae of the TX100 and
BR35 nonionic surfactants (Fig. 1), it can be seen that they dif-
fer from each other in the hydrophobic and hydrophilic
groups. BR35 includes a straight-chain hydrophobic group
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Fig. 11. Plots of DGo
1 versus the logarithm of nonionic surfactant concentra-

tion, log mN, for the first step of DTAeAR88 complex formation in the pres-

ence of nonionic surfactant at 25 �C. eCeCe, TX100; e-e-e, BR35.
and TX100, a branched one. The hydrophilic polyoxyethylene
group of BR35 is much longer than that of TX100. These
structural differences are directly reflected in the HLB value,
which is lower for TX100 (13.5) than for BR35 (16.9). The
comparison of the structure of the nonionic surfactants also
shows that a higher HLB value of the BR35 surfactant derives
primarily from the larger polyoxyethylene group in compari-
son with the TX100 surfactant, which has a polyoxyethylene
group approximately half as long. The larger the polyoxyethy-
lene group, the larger the partial negative charge in the oxygen
bridges, allowing stronger charge transfer interactions between
the cations of the DTA surfactant and the micelles of the BR35
nonionic surfactant in comparison with TX100. Since the at-
tractive forces between DTA and the nonionic micelle create
a counterbalancing mechanism against DTAeAR88 attractive
forces, stronger interactions between the cationic and nonionic
surfactants promote a decrease in the strength of the interac-
tions between the cationic surfactant and the anionic dye.
This result is unexpected, since in two-component surfac-
tantesurfactant systems, the strength of DTAeTX100 and
DTAeBR35 interactions is very similar. However, it should
be stressed that in this consideration we assume that a micelle
of the nonionic surfactant represents a central group to which
the surfactant cation could be bound. According to this, the
concentration of micellized nonionic surfactant is divided by
the micellar aggregation number, n, of the nonionic surfactant
to obtain the concentration of micelles (Eq. (12)). Surprisingly,
the results change significantly if the molecule of nonionic
surfactant, bound to the micelle, is taken as a reacting entity
and the concentration of micellized nonionic surfactant on
a monomeric basis is taken into the observation. In this case,
the values of k1 are n times lower than those obtained on the
micellar basis. If the values of k1 in Table 2 are expressed
on the monomolecular basis, the DTAeBR35 interactions
with k1¼ 587� 37 kg/mol are more than double those of
DTAeTX100 interactions with k1¼ 220� 50 kg/mol. These
results may explain the lower value of K1 for DTAeAR88 in-
teractions in the presence of BR35 than in the presence of
TX100 in ternary mixtures. Nevertheless, additional studies
of the influence of the nonionic surfactant structure on the an-
ionic dyeecationic surfactant interactions will be carried out
to investigate the structural effects in greater detail.

5. Conclusions

The dyeesurfactant and surfactantesurfactant interactions
in binary and ternary mixtures are discussed on the basis of
the results of the potentiometric measurements. In the studied
systems, the chemical structure of the anionic dyes and the
cationic and nonionic surfactants affects their intermolecular
attractive forces. The influence of the hydrophobicity of the
dye and the cationic surfactant on the strength of the dyee
surfactant interactions in the presence of the nonionic surfactant
TX100 is very similar to that in binary mixtures. In a ternary
mixture, the structure of the hydrophobic and hydrophilic
groups of a nonionic surfactant influences the interactions
between the cationic surfactant and the anionic dye. To explain
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the influence of the HLB value and the micellar aggregation
number of the nonionic surfactant on the dyeesurfactant inter-
actions more precisely, additional investigations into the inter-
molecular interactions in ternary mixtures are required.
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