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he interaction of Congo Red (CR) with a series of Alkyl trimethyl 

ammonium bromide (CnTAB), N-hexadecyl pyridinium bromide (CPB) 

and N-hexadecyl pyridinium chloride (CPC) were investigated using 

conductometry and UV-Vis spectroscopy technique. Job’s method was used to 

determine the stoichiometric ratio of dye and surfactant in ion pairs. The 

equilibrium constant and other thermodynamic parameters for the ion pair 

formation were calculated on the basis of a theoretical model using the data 

obtained by conductometry. It was found that an increase in temperature reduces 

the tendency for ion pair formation as equilibrium constants decrease with 

increasing temperature. The results showed that as the chain length of the 

CnTAB molecule in Dye/CnTAB systems was increased, the equilibrium constants 

were significantly increased. Therefore, the short range as well as long range 

interactions is responsible for the formation of the ion pair. The importance of 

long range electrical forces is basically to bring the dye anion and the surfactant 

cation close enough to enable the action of short range interactions whose 

contribution represents the major part of the standard free energy change for the 

formation of the anionic dye–cationic surfactant ion pair. The reaction between 

the dye and the surfactants was revealed to be an enthalpy-driven reaction which 

is highly dependent on the temperature and the structures of both dye and the 

surfactant. Prog. Color Colorants Coat. 4(2011), 121-128. © Institute for Color 

Science and Technology. 
 

 
 

  

  

1. Introduction 

Dyes and surfactants are two important classes of organic 

compounds with wide industrial uses. In order to design 

desirable dye–surfactant systems for industrial 

applications, it is essential to understand the nature of the 

interactions between them. Studies in this area are still 

important and interesting for the theory and technology 

of dyeing in textile and printing technologies [1, 2] or 

analytical applications [3] For this purpose, various 
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techniques such as spectrophotometry [4, 5], 

polarography [6], tensiometry [7, 8], potentiometry by 

means of surfactant selective electrodes [9] and 

conductometry [10-13] have been applied. Among 

various dye/surfactant mixtures, oppositely charged 

systems have been studied widely compared to the others 

because of their benefits to understand the contributions 

of both electrostatic and hydrophobic interactions. These 

investigations have shown the formation of some species 

such as dye-surfactant ion pairs and salts [1, 4, 15], 

induced dye aggregates [16], dye-rich micelles [17] and 

surfactant-rich micelles with solubilized dye monomers 

[7, 8, 17] for oppositely charged systems. 

In the present study, the ion pair formation between 

an anionic azo dye, Congo Red (CR), and conventional 

cationic surfactants with different chain lengths, head 

groups and counter ions has been studied. Congo Red 

(CR) is a carcinogenic benzidine-based anionic diazo dye 

(Scheme 1), which comes in the effluents of textile 

industries during the dyeing and the rinsing processes. 

Despite its wide industrial use in combination with 

surfactants, there are very few reports on investigation of 

the interactions in CR/surfactant mixtures [18-22] 

Tehrani-bagha et al. have studied the interaction of CR 

with some cationic surfactants and found that a stronger 

interaction occurs for gemini surfactants compared to the 

conventional ones under the influence of both 

electrostatic and hydrophobic forces at concentrations far 

below the CMC (critical micelle concentration), which 

makes them more efficient dye leveling and fixing agents 

[23]. Ion pairs are formed in all oppositely charged 

dye/surfactant mixtures at concentrations far below the 

CMC of corresponding surfactants resulting in a change 

in physical properties of the solution such as specific 

conductivity. Therefore, we have employed the 

conductometry technique to investigate the ion pair 

formation at different temperatures. In the present study, 

we examine dye-surfactant interactions in which the 

cationic surfactant is comprised of a tetradecyl and 

hexadecyl chain and a range of head groups, in 

combination with different counter-ions. Congo Red 

(CR) was used as the anionic dye. By using cationic 

surfactants with different head groups and counter ions, 

we could study the effects of head group type and 

counter ion on the dye-surfactant interactions. In 

addition, the variation of alkyl chain length provides a 

quantitative molecular-level understanding of the 

contribution of non-electrostatic interactions to ion pair 

formation. 

 

2. Experimental 

2.1. Materials and method 

Congo Red (CR), hexadecyl trimethyl ammonium 

bromide (CTAB) and tetradecyl trimethyl ammonium 

bromide (TTAB) were obtained from Merck (Germany). 

N-hexadecyl pyridinium bromide (CPB) and N-

hexadecyl pyridinium chloride (CPC) were purchased 

from Sigma (USA). All solutions were prepared using 

double-distilled water. The concentration of CR was 

constant at 0.05 mM for all solutions during the 

experiments. The temperature of all solutions was 

maintained constant at desired temperature with a 

fluctuation of ±0.1 K by circulating thermostated water 

through the jacket of sample container. Equimolar 

solutions (0.05 mM) of dye and surfactants were mixed 

in various volume fractions to obtain Job’s plots.  

A JENWAY 4510 Conductivity meter was employed 

to measure the specific conductivity of the solutions. The 

electrode was first rinsed so that the specific conductivity 

of distilled water was measured up to 1-2 µScm
-1
. Stock 

solution of 0.05 mM CR was first prepared and then, 

concentrated stock solution of surfactants was also 

prepared using this CR solution. 50 ml of CR solution 

was placed in sample vessel. Certain volumes of 

concentrated surfactant solution were injected to the 

solution and stirred for 5 minutes, then the electrode was 

plunged in the solution and released to equilibrate for 10 

minutes and finally the specific conductivity was 

recorded. Three successive measurements were done for 

each injection at a controlled constant temperature.  

 

 

Scheme 1. Molecular structure of Congo Red (M.W. = 696.68 g/mol). 
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The uncertainty of the measurements was ±0.01 µS 

cm
-1
. Visible absorption spectra were recorded with a 

Shimadzu 2100 UV-Vis spectrophotometer (Shimadzu, 

Japan) using a matched pair of glass cuvettes with 1 cm 

optical path length. 

 

3. Result and discussion 

The specific conductance values of dye-cationic 

surfactant mixture in aqueous solution were measured as 

a function of the surfactant concentration in the 

temperature range of 298.0-313.0 K. As it is obvious 

from Figure 1, with primary addition of surfactant, the 

specific conductivity of the solution is increased linearly 

as well as its increase with temperature. In this region, 

there is no ion pair formation between CR and the 

surfactant molecules, the measured conductance values 

would be expected to be the sum of conductivities of the 

individual ions in the solution [10, 12]. As can be 

observed from Figure 1, specific conductance curve 

deviates from linearity at certain concentration of 

surfactant and at certain temperature. This indicates that 

the components interact to form corresponding ion pairs. 

In our previous work, we demonstrated the ion pair 

formation between CR and surfactant molecules using 

UV-Vis spectroscopy and surface tension methods [24, 

25]. These ion pairs are probably less-conductive or non-

conductive species since the specific conductivity of the 

solution deviates from the linearity and varies as another 

line with a smaller slope. This deviation from linearity is 

the basis of our theoretical model to determine the 

thermodynamical parameters of ion pair formation, as it 

has been used in some previous works [10-12], since the 

amount of the deviation is attributed to the amount of 

formed ion pairs. The formation of dye-surfactant ion 

pairs can be illustrated by following equilibriums:  

 

1KDSSD                                 2 −+−
↔+   (1) 
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where S
+
, D

2- 
and DSn

+(n-2) 
refer to the free surfactant 

cation, the free CR anion and complexes with different 

numbers of  surfactant cations (n), respectively. K1,  

K2, … and Kn are the corresponding stoichiometric 

equilibrium constants. The method of continuous 

variations (Job’s method) was used to determine the 

stoichiometry of ion pairs as it has been employed in 

some previous works [26, 27]. 
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Figure 1: Specific conductance vs. the concentration, Ct for CTAB solution in the presence of 0.05 mM Congo Red at 

various temperatures: (*)298K; (○) 303K; (•)308K ; (□) 313K. 

 



Javadian, Hooshmand
 
and Asadzadeh Shahir 

 
 

124  Prog. Color Colorants Coat. 4(2011), 121-128 

To obtain a Job’s plot, various volume fractions of 

equimolar solutions of dye and surfactant are mixed and 

the corrected absorbances of these mixtures (∆E) are 

plotted versus the volume fraction of the surfactant 

solution(X). According to the Beer-Lambert law, if no 

interaction occurs between the dye and the surfactant, the 

total absorbance of the mixture (Etheo) will be equal to the 

sum of their individual absorbances: 

 

)1(00

SDDSSStheo XCXCE −+= εε    (4) 

 

where Sε and Dε are the molar extinction coefficients of 

the surfactant and the dye, 0

SC  and 0

DC  are concentrations 

of stock solutions of the surfactant and the dye, 

respectively, which are equal to each other ( 00

DS CC = ). 

The formation of DmSn complexes makes the solution 

absorbance to satisfy following relation: 

 

nmnm SDSDDDSS CCCE εεε ++=exp    (5) 

 

nmSDε is the molar extinction coefficients of the 

complex and 
SC ,

DC , and 
nmSDC  are the concentration of 

the species in the mixture. By calculating the amount of  

theoE and measuring the amount of expE , the corrected 

absorbance can be obtained for all mixtures and plotted 

vs. Xs: 

 

theoEEE −=∆ exp     (6) 

 

The minimum or maximum of this plot corresponds 

to the stoichiometric ratio of dye and the surfactant in the 

complexes. 

Appearance of a minimum in volume fractions of 

X≈0.5 implies 1:1 stoichiometric ratio for CR-cationic 

surfactant ion pairs (Figure 2). According to job’s 

approach, it is assumed that only DS
- 

complexes are 

formed in the studied mixtures. When there is no 

interaction between dye and surfactant molecules, the 

conductance of the solution is, in fact, the sum of 

conductances of individual ions in the solution: 
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where 
DC and 

SC  are the concentration of CR and the 

surfactant, respectively. X is Br or Cl ions and λ is the 

equivalent conductance of corresponding ion. As the ion 

pairs form, the concentration of free dye and surfactant 

ions decrease by
−DS

C : 
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Figure 2: Plots of Job’s method for: CTAB/CR (□), TTAB/CR (•), CPB/CR (*) and CPC/CR (∆) mixtures. equimolar 

solutions (0.05 mM) of Congo Red and surfactants were used.  



Aggregation of an Anionic Azo Dye with Conventional Cationic… 

 

  Prog. Color Colorants Coat. 4(2011), 121-128 125 

Subtraction of Eq. (7) from Eq. (8) gives Eq. (9): 

 

).(103
+−− +=∆

SDDS
C λλκ  (9) 

 

Based on the Kohlrausch’s law in dilute solution: 
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So Eq. (9) can be rewritten as: 

 

o
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where o

−Λ
DS

is the equivalent conductance of ion pairs at 

infinite dilution and can be obtained for all systems by 

plotting the equivalent conductanceΛ versus C
1/2

 

according to the Kohlrausch equation: 

 

cb−Λ=Λ
o

                                                            (12) 
 

Λ is obtained from the slope of conductometry plots 

according to the Eq. (12): 

 

c×Λ= ).10( 3
κ                                                           (13) 

 

The values obtained for o

−Λ
DS

are listed in Table 1. 

From conductometry plots, κ∆ can be obtained for each 

surfactant concentration and thus, 
−DS

C  is obtainable 

from Eq. (11). Knowing the value of 
−DS

C for each 

surfactant concentration, the equilibrium constant of ion 

pair formation can be calculated by following equation: 
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In these systems, the K values corresponding to DS
-
 

complex formation are presented in Table 2. From the K 

values obtained at different temperatures, the 

thermodynamic parameters, the standard free energy 

change, oG∆ , the standard enthalpy change, o
H∆ , and 

the standard entropy change, 
oS∆  for the first 

association step of DS
-
 complex formation are calculated 

from the following equation [15-17]. 
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It can be seen from Eq. (16) that if TG /o
∆ is plotted 

against 1/T, the slope of the curve at any temperature is 

equal to o
H∆ at that temperature. But, it is assumed that 

o
H∆ does not depend on the temperature in the measured 

temperature range, a plot of TG /o
∆ versus 1/T should be 

a straight line with a slope equal to o
H∆ . The 

thermodynamics parameters are listed in Table 2. 

Formation of ion pairs, in fact, means the aggregation of 

two species to form one species resulting in increasing 

the order of the system which is reflected as a negative 

value of oS∆ .  

 

 

Table 1: Equivalent conductance of formed ion pairs at infinite dilution in water at various temperatures. 

Equivalent conductance (S cm2mol−1)  

T (K) 
CRCTAB−

Λ
o  

CRTTAB −
Λ

o  
CRCPC −

Λ
o  

CRCPB−
Λ

o  

298 335.77 360.19 199.08 110.09 

303 338.71 382.96 201.31 112.17 

308 343.01 399.08 202.97 113.86 

313 345.42 402.51 205.13 113.98 
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Table 2: The thermodynamic parameters obtained for various systems at different temperatures. 

Ion pair T (K) K ××××10
-5 

(dm6 mol−2) 

∆Gº 

(kJ mol−1) 

∆Hº 

(kJ mol−1) 

∆Sº 

(J mol−1 K−1) 

CMC  a 

(mM) 

CTAB-CR 298 22.63 -36.25 -39.32 -10.32 1.00(0.36) 

 303 19.46 -36.72  -8.54  

 308 16.73 -36.69  -8.54  

 313 10.2 -36.00  -10.62  

TTAB-CR 298 18.76 -35.78 -48.42 -42.39 3.48(1.27) 

 303 11.11 -35.29  -43.01  

 308 9.64 -35.28  -42.65  

 313 7.35 -35.15  -42.39  

CPC-CR 298 9.72 -34.15 -23.02 -37.35 1.00(0.30) 

 303 7.59 -34.33  -37.06  

 308 7.03 -34.47  -37.16  

 313 6.24 -34.72  -37.39  

CPB-CR 298 9.82 -34.18 -48.78 -48.99 0.96(0.32) 

 303 5.79 -33.64  -49.63  

 308 5.34 -33.77  -48.74  

 313 3.75 -33.39  -49.15  
a Data taken from Ref.[19]. The CMC values in parentheses were obtained in the presence of dye. 

 

 

The reduced entropy is caused by the loss of the 

rotational and translational entropy that accompanies the 

ion pair formation. In spite of this order decrease, a 

negative value of free standard energy changes indicates 

that the ion pair formation is a thermodynamically-

feasible process. In addition, a negative value of the 

standard enthalpy changes shows that this reaction is 

exothermic, and thus, is an enthalpy-driven reaction 

because of the existence of strong attractive interactions 

between the components. These observations are also in 

good agreement with previous findings for other systems 

[10, 11, 28]. 

By increasing the temperature, the equilibrium 

constant gets smaller in all systems (standard free energy 

changes become less negative), indicating a decrease in 

ion pair formation because the molecular motion of both 

CR and the surfactant molecules rises with temperature. 

The results presented in Table 2 show that the strength of 

DS
-
 complex formation is strongly influenced by the 

structure of the cationic surfactant. Furthermore, a larger 

value of K for CTAB-CR in comparison with TTAB-CR 

implicates the importance of hydrophobic interactions as 

well as electrostatics in ion pair formation since the 

increase in the chain length of the surfactant leads to 

stronger hydrophobic interactions between CR and Alkyl 

chain resulting in an increase in the K value of ion pair 

formation. The increase of the dye/surfactant interaction 

by increasing the hydrophobicity of the components has 

been reported for a lot of similar systems in the literature 

[29-31]. 

As the head group of the surfactant changes from 

alkylammonium to pyridinuim ring in CPC and CPB, 

delocalization of positive charge [32] of the head group 

occurs and the electrostatic attraction between the head 

group and sulfonate groups of CR becomes weakener, so 

the ion pair formation decreases and the K gets smaller 

values. Moreover, replacement of the surfactant 

counterion from Br
-
 in CPB to Cl

-
 in CPC causes an 

increase of the ion pair formation. This phenomenon is 

originated from the size difference between the ions. A 

larger size of Br
-
 makes its hydration difficult, so these 

ions are preferred rather than Cl
-
 ions to bind to the 

surfactant molecules. As a result, freedom of the 

surfactant molecules to interact with CR molecules is 

lowered. All of these observations confirm that the 

interaction between dyes and the surfactants is highly 

influenced by physical conditions of their medium and 

the structural properties of both components. These 

results are in agreement with the previous reports in the 

literature [10, 24-26]. 
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4. Conclusions 

Job’s method of continuous variations demonstrated that 

only DS
- 
complexes are formed in the studied mixtures. 

The formation of DS
-
 complexes results in decreasing the 

system's order so it is an enthalpy-driven reaction under 

the influence of both hydrophobic and electrostatic 

interactions. 

The amount of ion pairs forming through the process 

is highly dependent on physical conditions and structure 

of the dyes and the surfactants such as chain length, head  

 
group and counterion. By increasing the length in the 

hydrophobic chain or the charge density of headgroup of 

a cationic surfactant, the strength of dye-surfactant 

interaction increases. In addition, the results show that 

the counter ion has no significant effect on dye-surfactant 

interaction. 

The tendency to form DS
-
complexes decreases with 

increasing temperature in the range of 298.0-313.0 K. 
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