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bstract

Surface tension, density and conductivity measurements were carried out for systems containing mixtures of cetyltrimethylammonium bromide
CTAB) and p-(1,1,3,3-tetramethylbutyl)phenoxypoly(ethylene glycol), Triton X-100 (TX100). The obtained results of the surface tension mea-
urements were compared with those calculated from the relations derived by Joos, Miller and co-workers. From the comparison it appeared that
sing the modified adsorption isotherm derived by Joos the adsorption behaviour of CTAB and TX100 mixture can be predicted satisfactorily;
owever, the values of the surface tension of aqueous solutions of these mixtures calculated on the basis of the simple relationships of Miller et
l. are a little higher than those measured in contrast to many two component systems of surfactants studied earlier. On the basis of the results
btained from the measurements and calculations it was found that there is a linear relationship between the surface tension and composition of
TAB and TX100 mixtures at their low concentration; however, in the concentration range corresponding to that of the saturated monolayer at

he interface a negative deviation from the linear relationship is observed. This fact and the values of the parameters of molecular interactions in
he mixed monolayer suggest that there is synergism in the reduction of the surface tension of aqueous solutions of CTAB and TX100 mixture
hen saturation of the monolayer is achieved. The negative parameters of intermolecular interaction in the mixed micelle and calculations based
n MT theory of Blankschtein indicate that there is also synergism in the micelle formation for CTAB and TX100 mixture. It was also found that
he values of the standard free energy of micellization for the mixture of CTAB and TX100 are somewhat lower than for individual components

nd they can be predicted on the basis of Maeda equation and the mole fraction of surfactant and free enthalpy of mixing CTAB and TX100 in the
icelle. Our measurements and calculations indicate that the volume both of the individual surfactants and mixture studied decreases during the
icellization process; however, at the concentration of the surfactants higher than CMC an increase of this volume is observed.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

The tendency of surfactants to adsorb at interfaces in an ori-
nted fashion and micelle formation are their two fundamental
roperties [1–3].

The adsorption of surfactants at air–water interface controls
he dynamic behavior of many important systems [4,5]. The sur-
actants adsorption influence the stability of foams, the droplet

ize in jets and sprays, the spreading of drops on solid surfaces,
nd the smooth coating of multiple layers [6].

∗ Corresponding author. Tel.: +48 81 537 5649; fax: +48 81 533 3348.
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The micelle formation affects such interfacial phenomena
s surface or interfacial tension reduction that do not directly
nvolve micelles. Some of the micelles have the structure similar
o that of the biological membranes and globular protein and
atalytical properties [7–9].

Because of the specific surface and volumetric properties of
he surfactants they are employed by organic chemists and bio-
hemists in different industrial processes such as: ore flotation
10], coal transport [11], firefighting [12], emulsion polymer-
zation [13], corrosion inhibition [14], oil recovery [15], cement
ardening [16] and commercial laundering [17].
However, the systems employed in these applications almost
lways consist of mixtures of surfactants, because technical-
rade surfactants are themselves mixtures, and the purification
rocess may be difficult or excessively expensive, and the mixed

mailto:Bronek@hermes.umcs.lublin.pl
dx.doi.org/10.1016/j.colsurfa.2006.07.006
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ystems often behave better than a single surfactant [18–20]. The
idespread use of surfactant mixtures for industrial purposes
as stimulated the interest of researchers, and in the last decade
any papers have been published on the solution properties of
ixed surfactant systems [21–25].
In these papers it is possible to find that the micelle and mono-

ayer at water–air interface and the composition of two surfactant
ixtures can be substantially different than the equilibrium com-

osition in the bulk phase [2,26]. Because of these differences
deviation from linear relationships between such parameters

s surface or interfacial tension, wettability, CMC, standard
ree energy of adsorption and micellization and composition of
urfactants is observed. Sometimes, the above mentioned param-
ters show a maximum or minimum at a given composition of the
arameters. Our earlier studies showed that even for mixtures of
wo anionic surfactants, having different hydrophilic heads and
different length of hydrophobic alkyl tails, there is no linear

elationship between the concentration excess at water–air and
ydrophobic solid–water interfaces, the surface tension, criti-
al micelle concentration and wettability of hydrophobic low
nergetic solids and the composition of the mixtures [3].

From the fundamental point of view mixtures of ionic–
onionic surfactants are more interesting because they often
xhibit a highly nonideal behavior. Addition of a nonionic sur-
actant to an ionic surfactant micelle can reduce the electrostatic
epulsions between the charged surfactant heads and greatly
acilitate mixed micelle formation. Nonideal behavior of an
onic/nonionic surfactant mixture can also be influenced by other
tructural characteristics of the two surfactants, such as differ-
nces in the sizes of the surfactants heads or the lengths of the
urfactants tails [27].

In the literature it is possible to find data concerning rather
he anionic/nonionic mixtures of two surfactants than those of
ationic/nonionic ones which are also used in many processes,
or example as detergents for some materials.

Thus, the purpose of our studies was to determine the adsorp-
ion behavior of mixed layers basing on the equations of Gibbs,
oos, Miller and co-workers [2,28–31] as well as interactions
etween cationic and nonionic surfactants in the surface layers
nd micelles.

For this purpose the surface tension, density and conductiv-
ty of aqueous solutions of cetyltrimethylammonium bromide
CTAB) and p-(1,1,3,3-tetramethylbutyl)phenoxypoly(ethylene
lycol), Triton X 100 (TX100) mixtures were measured.

. Experimental

.1. Materials

Cetyltrimethylammonium bromide (CTAB) (Sigma) and Tri-
on X-100 (TX100), p-(1,1,3,3-tetramethylbutyl)phenoxypoly-
ethylene glycol) (Sigma) were used for preparation of aque-
us solutions. Aqueous solutions of individual surfactants and

TAB and TX100 mixtures at different ratios of CTAB to
X100 were prepared using doubly distilled and deionized water

Destamat Bi18E). The surface tension of water was always con-
rolled before the solution preparation.

i
i
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. Methods

.1. Surface tension measurements

Surface tension measurements were made at 293 K with
rüss K9 tensiometer under atmospheric pressure by the ring
ethod. The platinum ring was thoroughly cleaned, and the
ame dried before each measurement. The measurements were
one in such a way that the vertically hung ring was dipped into
he liquid to measure its surface tension.

It was then subsequently pulled out. The maximum force
eeded to pull the ring through the interface was then expressed
s the surface tension, γ (mN/m). Measurements of the surface
ension of pure water at 293 K were performed to calibrate the
ensiometer and to check the cleanliness of the glassware. In
ll cases more than 10 successive measurements were carried
ut, and the standard deviation did not exceed ±0.2 mN/m. The
emperature was controlled within ±0.1 K.

.2. Density measurements

We have measured the densities of water and aqueous solu-
ions of the individual surfactants and CTAB and TX100 mix-
ures using a vibrating tube densimeter Anton Paar, model DMA
000. The apparatus consists of a glass U tube with a plat-
num resistance thermometer inside a thermostatic jacket. The
ample density is a function of the oscillation frequency when
he tube vibrates under the assumption that the sample volume
rapped between the oscillation nodes is constant. The accuracy
f the thermometer and the density measurements are ±0.01 K
nd ±0.005 kg/m3, respectively. The precision of the density
nd temperature measurements given by the manufacturer is
0.001 kg/m3 and ±0.001 K.
The densitymeter is calibrated regularly with distilled and

eionized water. After measuring the density of water more than
hree measurements of density were carried out at constant tem-
erature equal 293 K.

.3. Conductivity measurements

Conductivity measurements of surfactant solutions were
ade by a conductivity meter model, Elmetron CX-731. After
easuring the conductivity of the solvent three successive con-

uctivity measurements of the surfactant solutions were carried
ut under controlled constant temperature. The accuracy of the
easurements was ±0.01 �S.
The break point in the plot of either the equivalent conductiv-

ty versus the square root of the total surfactant concentration or
he molar conductivity versus the total surfactant concentration
as taken as CMC at the mole fraction.

.4. Evaluation of the surface excess concentration of
urfactant at interface
The surface excess concentration of surfactants at water–air
nterface can be determined on the basis of the adsorption
sotherms using the Gibbs equation [2,3].
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For dilute solution (10−2 mol/dm3 or less) containing only
X100 (nonionic surfactant) the Gibbs equation can be written

n the form:

= − Cdγ

RT dC
= − 1

RT

dγ

d ln C
= − 1

2.303RT

dγ

d log C
(1)

n the case of cationic surfactant, considering CTAB as a strong
lectrolyte, which is dissociated in aqueous solution into organic
ation cetyltrimethylammonium (CTA+) and bromide counte-
ion (B−) according to:

H3(CH2)15N(CH3)3Br ↔ CH3(CH2)15N+(CH3)3 + Br−

(2)

he appropriate form of the Gibbs equation is [2]:

γ = −RT (ΓA+d ln aA+ + ΓB−d ln aB− ) (3)

here ΓA+ and ΓB− is the surface excess concentration of ion
+ and B−, respectively, and aA+ and aB− are the activity of ion
+ and B−, respectively.

Since ΓA+ = ΓB− = Γ to maintain electro neutrality and

A+ = aB− = C × fAB without a significant error, then

γ = −2RTΓd ln(C × fAB) (4)

here fAB is the mean activity coefficient of the surfactant.
For dilute solutions (fA+ ≈ fB− ≈ 1 and then fAB ≈ 1), Eq.

4) assumes the form:

= − Cdγ

2RTdC
= − 1

2RT

dγ

d ln C
= − 1

4.606RT

dγ

d log C
(5)

he concentration of each surfactant at the interface can be
alculated from the slope of γ–log C plot (Table 1 – maximal
alues). It is convenient if the dependence between the surface
ension and concentration of aqueous surfactant solution can be
xpressed by the known mathematical function.

.5. Equation of state described mixed adsorption behavior

Using the adsorption isotherm derived by Joos [28] and mod-
fied by us [26] for the systems including ionic and non-ionic

urfactants, the surface adsorption behavior of the mixture of
hese surfactants can be predicted in a quite accurate way. The
quation for the mixture of CTAB and TX100 in which one is
on-ionic surfactant (TX100) and the other ionic being the 1:1

t
m

able 1
alues of the maximal excess of surfactant concentration at water–air interface, Γ m, m
icellization, �G◦

mic

urfactant Γ m (mol/m2) Eqs. (1) or (5) Am (nm2)

X100 2.83 × 10−6 0.587
TAB 3.10 × 10−6 0.536
: Physicochem. Eng. Aspects 293 (2007) 39–50 41

lectrolyte type (A+ and B−) can be written in the form [26,28]:

xp

( −Π

RTΓ ∞
o

)
+ exp

( −Π

RTΓ ∞
1

)
C1

a1

+ exp

( −Π

2RTΓ ∞
2

)
C2

a2
= 1 (6)

f their activity is close to C (for C < 10−2 M), where Γ ∞
o , Γ ∞

1
nd Γ ∞

2 are the maximum of the solvent adsorption, and sur-
actants 1 and 2, respectively. Π is the surface pressure. The
arameters a1 and a2 can be expressed as:

1 = exp

(
μS

1 − μB
1

2RT

)
ω, a2 = exp

(
μS

2 − μB
2

2RT

)
ω (7)

here μS is the chemical potential in the surface under standard
onditions, μB the chemical potential in the bulk under standard
onditions, and ω the number of molecules of water per litre.

Assuming that C2/C1 = b = const., and Ctot = C1 + C2 = C1
1 + b), gives:

xp

( −Π

RTΓ ∞
o

)

+
[

exp

( −Π

RTΓ ∞
1

)
1

a1
+ exp

( −Π

2RTΓ ∞
2

)
b

a2

]
Ctot

1 + b
= 1

(8)

iller et al. [29–31], taking into account the assumption that for
n ideal mixture of homologues a1 = a2 = a12 = 0 andω = ω1 = ω2
s well as Π = (Πω)/(RT ), Π1 = (Π1ω)/(RT ) and Π2 =
Π2ω)/(RT ), have derived the equation of state which relates the
urface pressure of a surfactant mixture with the surface pres-
ure of individual solutions. This equation can be expressed in
he form:

xp Π = exp Π1 + exp Π2 − 1 (9)

here a1, a2 and a12 are the constants of intermolecular interac-
ions, ω1 and ω2 are the partial molar surface areas of surfactant

and 2, respectively, and Π1, Π2 and Π are the surface pres-
ures of solutions of the individual surfactants and their mixture,
espectively, equal to the difference between surface tension of
he solvent and solution (γo − γ).

.6. Evaluation of the molecular interaction parameters
For surfactant mixtures the characteristic phenomena are
he formation of mixed monolayers at the interface and mixed

icelles in the bulk solution. Most of the theories are based on

inimal area per molecule, Am, standard free energy of adsorption, �G◦
ad, and

�G◦
ad (kJ/mol) Eq. (19) �G◦

mic (kJ/mol) Eq. (30)

−40.87 −19.843
−28.86 −17.044
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he regular solution theory and they have been applied to the
hase separation model for the micelles and to the monolayer
odel for the adsorbed films in order to estimate the interaction

arameter β in various binary surfactant systems [2]. The molec-
lar interaction parameter, β, for monolayer can be evaluated,
mong other things, using the equation derived by Rubingh and
osen [2,32,33]:

δ = ln(αC12/X1C
0
1)

(1 − X1)2 (10)

here α is the mole fraction of surfactant 1 in the mixture of
wo surfactants, X1 the mole fraction of surfactant 1 in the mixed

onolayer, C0
1 and C12 are the molar concentrations in the bulk

f surfactant 1 and of the mixture of surfactant 1 and 2, respec-
ively, required to produce a given surface tension value. X1 can
e obtained from:

(X1)2 ln(αC12/X1C
o
1)

(1 − X1)2 ln[(1 − α)C12/(1 − X1)Co
2]

= 1 (11)

here Co
2 is the molecular concentration of surfactant 2 in the

ulk required to produce a given surface tension.
In the case of mixed micelles it is possible to calculate the

olecular interaction parameter, βM, from the relation of Rub-
ngh and Rosen in the form [2,32,33]:

M = ln(αCM
12/XM

1 CM
1 )

(1 − XM
1 )

2 (12)

here CM
1 , CM

12 are the critical micelle concentrations (CMC) of
he individual surfactant 1, and mixture of surfactants 1 and 2,
espectively, and XM

1 is the mole fraction of surfactant 1 in the
ixed micelle.
XM

1 can be evaluated from the equation:

(XM
1 )

2
ln(αCM

12/X1C
M
1 )

(1 − XM
1 )

2
ln[(1 − α)CM

12/(1 − XM
1 )CM

2 ]
= 1 (13)

here CM
2 is the CMC of the individual surfactant 2.

Knowing the interaction parameters for the mixed monolayer
nd micelles it is possible to determine the activity coefficient
f the surfactants in the mixtures. From the nonideal solution
heory it results that the activity coefficients of the surfactants 1
nd 2 in the mixed film (f1 and f1) and mixed micelle (f M

1 and
M
2 ) fulfil the conditions, respectively:

n f1 = βδ(1 − X1)2, (14)

n f2 = βδ(X1)2, (15)

n fM
1 = βM(1 − XM

1 )
2

(16)
nd

n f M
2 = βM(XM

1 )
2

(17)

f
p
r
m

ig. 1. Dependence of the surface tension of aqueous TX100 (curve 1) and
TAB (curve 6) solutions and their mixture at monomer mole fraction of CTAB
qual 0.2, 0.4, 0.6, 0.8 on log C.

. Results and discussion

.1. Adsorption isotherms

The measured values of the surface tension (γ) of aqueous
olutions of TX100 and CTAB and their mixtures are presented
n Fig. 1. This figure shows the dependence between γ and log C
C represents the concentration of TX100, CTAB, and their mix-
ures at a given α) for aqueous solution of TX100 (curve 1) and
TAB (curve 6) and their mixtures (curves 2–4). From this fig-
re it appears that the shape of curve 6 is somewhat different
rom the others; however, for all surfactants a linear dependence
xists between γ and log C near the critical micelle concentra-
ion (CMC). In the case of TX100 the values of γ at a given
oncentration are smaller than for CTAB. Thus, the value of the
aximal reduction of water surface tension by TX100 is higher

han for CTAB. In the case of the mixtures of CTAB and TX100
he shape of the γ–log C curves is closer to that of TX100 than
or CTAB.

To show the influence of the mixtures composition on the
ater surface tension in Fig. 2, the dependence between surface

ension and monomer mole fraction of CTAB, α, in the mix-
ure is plotted. From this figure it is seen that at only a very
ow concentration of surfactant mixtures there is almost a linear
ependence between the surface tension and mole fraction of
TAB in the mixture. However, at the concentration close to
× 10−6 and higher there is a negative deviation from the linear

elationship between γ and α. In other words, at concentrations
orresponding to the beginning of the saturation monolayer for-
ation nonideal mixing of surfactants is evident. In some cases

he minimum on the curve γ–log C is observed. It suggests that
he composition of the saturated monolayer at water–air inter-

ace should be different than that of the surfactant in the bulk
hase. This suggestion is confirmed by the data presented the
elationship between the mole fraction of CTAB in the mixed
onolayer for each α and surface tension of the solution. It
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Fig. 2. Dependence of the surface tension of aqueous solutions of TX100 and
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The line 2 in Fig. 4 reflects the function of γ versus log C
TAB mixtures on the monomer fraction of CTAB, α at total concentration
f surfactants, C, equal 5 × 10−8, 5 × 10−7, 5 × 10−6, 10−4 and 2 × 10−4 M,
espectively.

esults that for all α at a given γ the mole fraction of CTAB
n the mixed monolayer is smaller than in the bulk phase, but
e observe different shapes of X1–γ curves for the same α. The
iggest changes of X1 as a function of γ appear for α equal 0.2
nd 0.8; however, the direction of the X1 changes for α equal 0.2
s different than for α equal 0.8, and the smallest changes appear
or α equal 0.6. The shapes of X1–γ curves probably results
rom the tendency of CTAB and TX100 to adsorb at water–air
nterface and from the intermolecular interactions in the mixed

onolayer, which represent the βδ parameter presented in Fig. 3.
or all α this parameter has a negative value and decrease with
urface tension increase of the aqueous solution of the surfactant

ixtures.
The negative values of βδ parameter suggest that there is

ynergism in the surface tension reduction efficiency. However,

ig. 3. Dependence of the molecular interaction parameter, βσ , on surface ten-
ion of aqueous solution of surfactant mixtures at different monomer mole
raction of CTAB, α.

c
t
2

F
C
s
s

: Physicochem. Eng. Aspects 293 (2007) 39–50 43

he second condition for the existence of negative synergism
ust be fulfilled. The condition is that the βδ parameter should be

reater than | ln((Co
1)/(Co

2))| [2]. This parameter is greater than
ln((Co

1)/(Co
2))| at α = 0.2 for each value of the surface tension.

hus, it can be concluded that there is a negative synergism in
he surface tension reduction in the whole concentration range
orresponding to the mixed saturated monolayer at water–air
nterface for α = 0.2. In the case of a mixture in which α = 0.4 the
econd condition of the existing synergism is fulfilled for surface
ension equal 60, 55, 52.8, 50 mN/m, but for α = 0.6 and 0.8 only
or γ = 60 mN/m. On the basis of these results we can state that in
he mixtures of TX100 and CTAB of a monomer mole fraction of
TAB equal 0.4, 0.6, 0.8 synergism exists only at concentrations
f the mixtures in which the saturated monolayer begins to form
t water–air interface and when the intermolecular interaction
n the monolayer plays an important role.

As we can see in this study, the surface tension reduction
fficiency has been determined as the surfactant giving a surface
ension reduction by 20 mN/m, i.e. C20. The concentration val-
es are: TX100-1.91 × 10−5, 0.2–1.51 × 10−5, 0.4–2.0 × 10−5,
.6–2.7 × 10−5, 0.8–5.3 × 10−5; CTAB-3.41 × 10−4. Al these
alues for the surfactant mixtures are lower than for the individ-
al surfactants and the lowest value appears for α = 0.2.

.2. Adsorption isotherms of Joos and Miller et al.

It is interesting whether on the basis of the theoretical
sotherms of adsorption it is possible to predict the surface ten-
ion for the mixtures of CTAB and TX100 for which synergism
n reduction of the surface tension cannot be excluded. There-
ore, in Fig. 4 the isotherms of Joos and Miller et al. are presented
or α = 0.2.
alculated from Eq. (9). The value of ω used for calculations in
his equation, at first approximation, was assumed as equal to
× 105 m2/mol [31].

ig. 4. Dependence of the surface tension of aqueous solutions of TX100 and
TAB surfactants mixture on log C for α equal 0.2. Point 1 represent the mea-

ured values of surface tensions, and curves 2 and 3 represent the values of the
urface tension calculated from Eqs. (9) and (8), respectively.
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Table 2
Parameters in Eq. (8) for water, TX100 and CTAB

Substance Γ ∞ (mol/m2) a (mol/l) A (nm2)

Water 16.6 × 10−6 0.10
C
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in the case of CTAB increases with the concentration up to the
CMC of the surfactant and is related with the region of C, where
the attractive and repulsive forces act strongly between the ions
in the adsorbed monolayers at air–water interface. For TX100
TAB 5.45 × 10−6 4.05 × 10−4 0.3046
X100 3.15 × 10−6 1.95 × 10−6 0.5270

Line 3 in this figure reflects the dependence of the surface
ension (γ) of aqueous solution of TX100 and CTAB mixtures
n the total concentration of surfactants (log C) for α (α is the
ole fraction of CTAB) equal 0.2 calculated from Eq. (8) using

he values of Γ ∞ and a of the individual components.
The values of Γ ∞

0 , Γ ∞
1 , Γ ∞

2 , a1 and a2 used in Eq. (8) were
etermined from Eq. (7) from the data for individual surfactants
TX100 and CTAB) on the assumption that C1 = 0 or C2 = 0
nd are listed in Table 2. In all cases it was assumed that the
rea occupied by water is close to 0.10 nm2 and thus Γ ∞

0 =
6.6 × 10−6 mol/m2.

The results presented in Fig. 4 and calculated for other mix-
ures show that the changes of γ as a function of log C, for a
iven α, have the same shape. Of course, near CMC there is
linear dependence of γ on log C. From Fig. 4 and other cal-

ulations it also appear that at low concentrations of surfactant
ixtures there is a good agreement between the values of the

urface tensions of the solution measured and calculated from
q. (8) (curve 3), which is better than between those calculated

rom Eq. (9) (curve 2).
Practically the experimental points (point 1) are between the

heoretical curves (curves 2 and 3) for all values of α, but curve 3
s a better approximation for the measured values of the surface
ension of solutions. These facts indicate that using the equa-
ion of state derived by Joos [28], and next modified by us [26],
t is possible to predict the surface tension of aqueous solution
f TX100 and CTAB mixtures almost in the whole range of
heir concentrations from 0 to CMC. Of course, it is impos-
ible to predict the surface tension of the solution of TX100
nd CTAB at the concentration close to CMC or higher than
MC.

Some differences between the theoretical values ofγ obtained
rom Miller equation, particularly at C close to that of the satu-
ated monolayer and measured (curve 2 and point 1), probably
esults from synergism in the surface tension reduction. This
onclusion is confirmed by the data presented in Fig. 3.

.3. The standard free energy of adsorption

Because there are differences between slopes of the linear
art of curves 1 and 6 (Fig. 1), which represent the dependences
etween γ and log C, and differences between values γ at the
ame concentration for TX100 and CTAB, respectively, it sug-
ests that “efficiency” and “effectiveness” of the adsorption of
X100 is different than of CTAB.
The surface excess concentration at surface saturation, Γ m,
s a useful measure of the adsorption effectiveness of the sur-
actant at water–air interface, since it is the maximum value to
hich adsorption can attain. However, the adsorption efficiency

F
f
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s related to the standard free energy of the adsorption, �G◦
ad

2].
Table 1 presents the values of the surface access concentra-

ion and minimal area (Am) per TX100 and CTAB molecule at
ir–water interface determined from Eqs. (1) and (5). From this
able it is seen that Γ m for TX100 is lower, and Am higher than
or CTAB. It means that the effectiveness of TX100 adsorption
t water–air interface is lower than CTAB.

The standard free energy of adsorption, �G◦
ad, can be deter-

ined by different methods. If the adsorbed molecules are
mmobile and adsorb on ‘sites’ at the interface, the area A
er adsorbed molecule will be related to the bulk concentra-
ion of surfactant by means of the modified Langmuir equation
34]:

A0

A − A0
= C

ω
exp

(−�G◦
ad

RT

)
(18)

here ω is the number of moles of water per liter of water and A0
he ‘excluded area’, that is the area of the interface unavailable
o one molecule by the presence of another.

On the other hand if mobile adsorption isotherms are consid-
red a statistical correction to Eq. (18) has been introduced by
e Boer [35]:

A0

A − A0
exp

(
A0

A − A0

)
= C

ω
exp

(−�G◦
ad

RT

)
(19)

he standard free energies of adsorption, �G◦
ad, of TX100 and

TAB were calculated from Eq. (19) using A0 equal 0.527 nm2

nd 0.305 nm2, respectively, and are given in Fig. 5. The values
f A0 were obtained from Eq. (5). In the range of low concen-
rations �G◦

ad is constant for both surfactants, but for TX100
s equal −40.87 kJ/mol and CTAB is equal −28.86 kJ/mol. For
oth surfactants this relationship has a wide minimum, which
ig. 5. Dependence between the free energy of adsorption, �G◦
ads, calculated

rom Eq. (19) and log C for CTAB (curve 1) and TX100 (curve 2).
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tivity versus surfactant concentration for surfactant solutions
is plotted. The values of CMC determined from conductivity
measurements for CTAB and mixtures of CTAB and TX100
K. Szymczyk, B. Jańczuk / Colloids and Surfa

he minimum occurs in the concentration range corresponding
o saturated monolayer at water–air interface.

The standard free energy of adsorption of TX100 and CTAB
t water–air interface, which is related to their efficiency of
dsorption was also determined from the equation derived by
osen and Aronson [2,36]. If the surfactant concentration cor-

esponding to the saturated monolayer at interface is lower than
× 10−2 M, the Rosen and Aronson equation can be expressed

n the form:

G◦
ad = 2.303RT log

C

ω
− NπAm (20)

here ω is the number of water moles per dm3 and π the sur-
ace pressure corresponding to the surfactant concentration, C,
t which Am is achieved.

Eq. (20) is fulfilled for nonionic surfactant and ionic AB elec-
rolyte type (1:1) in the presence of neutral salt in solution having
he same ion as counterion at a high concentration. However,
ssuming that CTAB at its high concentration is not completely
issociated on ions, we calculated from Eq. (20) the values of the
tandard free energy of adsorption for both TX100 and CTAB,
hich are equal−43.99 kJ/mol and−36.37 kJ/mol, respectively.

t appears that the value of the standard free energy of adsorption
f TX100 determined in such is lower than for CTAB. It means
hat TX100 way has a higher adsorption efficiency than CTAB.

From Eq. (20) the values of the standard free energy of CTAB
nd TX100 mixtures were also calculated. For these calculations
he values of C at γ equal 50 mN/m were used, and values of Am
ere determined from the following equation:

m = X1A
1
m + X2A

2
m (21)

here A1
m and A2

m are the values of minimal area per molecule
or CTAB and TX100 equal 0.536 nm2 and 0.587 nm2, respec-

ively, and X1, X2 are the mole fractions of surfactants 1 and 2
n the mixed monolayer calculated from Eq. (11).

The calculated values of the standard free energy of CTAB
nd TX100 mixtures are presented in Fig. 6 (curve 1). Curve 2

ig. 6. Dependence between the free energy of adsorption, �G◦
ads, calculated

rom Eqs. (20) and (22) and monomer mole fraction of CTAB, α.

(

F
f
2
4
t
f
(

: Physicochem. Eng. Aspects 293 (2007) 39–50 45

n this figure represents the values of �G◦
ad calculated from the

elation:

G◦
ad = X1�G◦

ad1 + X2�G2
ad2 + Gmix (22)

here

mix = RT (X1 ln f1 + X2 ln f2) (23)

rom this figure it appears that �G◦
ad values calculated from

q. (22) are somewhat higher than those calculated from Eq. (20)
or α = 0.6, 0.8, but at α = 0.2 we obtained a clear minimum. This
inimum confirmed a negative synergism in the surface tension

eduction in the whole concentration range corresponding to the
ixed saturated monolayer at water–air interface for α = 0.2.
From comparison of curve 1 to curve 2 in Fig. 6 we can state

hat it is possible to predict the tendency to adsorb the mixture
f CTAB and TX100 only on the basis of standard free energy
f adsorption of individual surfactant if we know the monolayer
omposition at water–air interface.

.4. CMC

Another characteristic property of surfactants is their ability
o form micelles. The concentration at which the micelariza-
ion process takes place is called critical micelle concentration
CMC).

The values of CMC for TX100 and CTAB mixtures were
etermined from isotherms of adsorption (Fig. 1), density and
onductivity measurements presented in Fig. 7 (curves 1–3).

Conductometric determination of CMC was carried out
hrough the change in the slope when the specific conduc-
Fig. 7, curve 3) are somewhat smaller than those obtained from

ig. 7. Dependence of the critical micelle concentration (CMC) determined
rom the density measurements (curve 1), adsorption isotherms (Fig. 1) (curve
), conductivity measurements (curve 3), and calculated from Eq. (24) (curve
) on the monomer mole fraction of CTAB, α, as well as between the values of
he ratio of CMC/C20 calculated on the basis of the values of CMC calculated
rom Eq. (24) (curve 5) and determined from the surface tension measurements
curve 6).
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Table 3
Values of the mole fraction of surfactant 1 in the mixed micelle, XM

1 , molecu-
lar interaction parameter in the mixed micelle, βM, activity coefficients of the
surfactants 1 and 2 in and mixed micelle (f M

1 and f M
2 )

XM
1 βM

1 f M
1 f M

2

0.2 0.2036 −1.9758 0.2856 0.9213
0.4 0.3401 −2.7887 0.2969 0.7242
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6 K. Szymczyk, B. Jańczuk / Colloids and Surface

urface tension (curve 2), but those determined from density
easurements (curve 1) for α in the range from 0 to 0.6 are

igher than those obtained for γ . The determined values of
MC for an individual surfactants, TX100 and CTAB, are close

o those obtained by other researchers, especially for CTAB:
.15 × 10−4 mol/dm3 [37]. In the case of TX100 the values of
MC measured: 2.9 × 10−4 mol/dm3 are a little different from

hose in literature: 2.38 × 10−4 mol/dm3 [38].
It is well known that the various methods used for detection

f the CMC often lead to different numerical estimates, not only
ecause of measurement errors but also because the CMC is the
ange rather than a single pinpointed value [39].

The changes of the CMC values as a function of α determined
y all three methods are going through a minimum at α equal 0.6.
t should be noted that at minimum the surface tension reduction
as appeared at α equal 0.2. For explanation of these differences
e employed the molecular-thermodynamic theory of mixed

urfactant solutions [20,40,41]. This theory allows us to predict
he critical micelle concentration of nonideal binary surfactant

ixtures in aqueous solution.
The CMC of a binary mixture of surfactants 1 and 2 can be

xpressed as a function of the CMCs of the constituent pure
urfactants as follows:

1

CMC12
= α

f ∗
1 CMC1

+ 1 − α

f ∗
2 CMC2

(24)

here CMC12, CMC1, CMC2 are the critical micelle concen-
rations of the mixture, pure surfactant 1, and pure surfactant
, respectively, α the solution monomer composition, and the
ariables f1 and f2 are the micellar activity coefficients, which
an be computed from:

∗
1 = exp

(
β12(1 − α∗)2

kT

)
(25)

∗
2 = exp

(
β12(α∗)2

kT

)
(26)

here β12 is the parameter that reflects specific interactions
etween surfactants 1 and 2, α* the optimal micellar compo-
ition, i.e. the composition at which the free energy of mixed
icellization attains its minimal value, k the Boltzmann con-

tant, and T the absolute temperature.
The value of α* can be obtained from the molecular thermo-

ynamic theory from the relation:

β12

kT
(1 − 2α∗) + ln

(
α∗

1 − α∗

)
= ln

(
α

1 − α

CMC2

CMC1

)
(27)

he calculated values of CMC from Eq. (24) are presented in
ig. 7 (curve 4). From this figure it appears that the changes
f the CMC values as a function of α are somewhat similar to
hose obtained from the adsorption isotherm; however, the min-
mal value is obtained at α = 0.2. It means that the theoretical
inimal value of CMC for the mixture of CTAB and TX100
ppears at the same composition of the mixture at which the
aximal reduction of the surface tension of solutions takes place

Fig. 4). Surface tension reduction of water by surfactants is con-

i
v
m
s

.6 0.4325 −3.4948 0.3245 0.5201

.8 0.5273 −2.3463 0.5920 0.5208

ected with their tendency to adsorb at water–air interface, and
he decrease of this surface tension by 20 mN/m is a good mea-
ure of this tendency; therefore, for comparison of the influence
f CTAB and TX100 mixtures composition on the tendency to
dsorb and to form micelles, the ratio of CMC/C20 was calcu-
ated, which is shown in Fig. 7 (curves 5 and 6). From this figure
t is seen that there is the maximum of CMC/C20 for CMC val-
es obtained from the adsorption isotherm and calculated from
q. (24) at α = 0.2. It means that for this composition of the
urfactant mixture the tendency to adsorb is higher than that to
orm micelles. It is interesting that at α = 0.2 the composition
f the mixed monolayer at C20 (determined from Eq. (11)) and
ixed micelles (calculated from Eq. (13) (Table 3) is nearly the

ame as the composition of CTAB and TX100 in the bulk phase,
ut at α = 0.4, 0.6 and 0.8, the mole fraction of CTAB (X1) in
he mixed monolayer and mixed micelles is lower than in bulk
hase.

According to Liljekvist and Kronberg [42] the minimum of
MC appears if the composition of the mixed micelle is almost

he same as the bulk phase and is in accordance with our CMC
etermined theoretically, but a minimum of CMC determined
xperimentally by three different methods appears at α = 0.6,
here the molecular mole fraction of CTAB is lower in the
ixed micelle than in the bulk phase. At α = 0.6 the molecular

nteraction parameter in the mixed micelle, βM, calculated from
q. (12) (Table 3) has also the lowest value.

Because the values of βM for all mixtures are negative
nd their absolute values are higher than | ln((CM

1 )/(CM
2 ))|, we

an state that synergism exists in mixed micelle formation in
he solution of all examined mixtures. However, taking into
ccount the lowest value of βM the best synergism exists at
= 0.6.
On the basis of the data presented above it is difficult to

xplain exactly why the minimum of CMC calculated theoret-
cally appears at a different composition of the mixed micelle
han that obtained from measurements of the surface tension,
ensity and conductivity of CTAB and TX100 mixtures of aque-
us solution. It is possible, as suggested by Ysambertt et al.
39], the CMC is rather the concentration range than one point
alue, and this range depends on the composition of CTAB and
X100 mixture. It is interesting that at α = 0.6. The highest dif-

erence between the CMC values determined by three methods

s observed among of all studied compositions, but at α = 0.2 the
alues obtained from surface tension, density and conductivity
easurements are close to one another. This fact confirms to

ome extent our suggestion.
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.5. The standard free energy of micellization

The tendency of surfactants to form micelles can be estab-
ished on the basis of standard free energy of micellization
�G◦

mic). In the literature there are many different ways for
etermination of this energy. Recently, Maeda [27,43] has pro-
osed a new approach of standard free energy determination for
ixed micelles involving ionic species. In this approach �G◦

mic
or mixtures of two surfactants including one nonionic and one
onic are given as a function of the ionic surfactant in the mixed

icelle by:

�G◦
mic

RT
= B0 + B1x1 + B2x

2
1 (28)

here B0 is the independent term related to CMC of nonionic
urfactant by B0 = ln C2. The other parameter, B1, is related to
he standard free energy change upon replacement of a nonionic

onomer in the nonionic pure micelle with an ionic monomer
nd B2 is equivalent to βM calculated from Eq. (12). Finally,
he parameters B1 and B2 are related to the CMC values of pure
ystems by the equation:

n

(
C1

C2

)
= B1 + B2 (29)

he calculated values of B1 are negative and equal: −0.826,
1.640, −2.3458, −1.1974 for α = 0.2, 0.4, 0.6, 0.8, respec-

ively. According to Maeda [43] parameter B1 is related to the
tandard free energy change associated with the introduction of
ne ionic species into a nonionic micelle coupled with the release
f one nonionic species from the micelle. The change of this stan-
ard free energy is associated with the transfer process consisting
f two contributions: interaction between the head groups and
etween the hydrocarbon chains. When the hydrocarbon chains
re of the same kind, the first contribution is predominant; how-
ver, when there is dissimilarity between the hydrocarbon tails
he interaction between these tails becomes more significant and

akes the values of B1 negative. In our case not only the inter-
ctions between hydrocarbon chain affected the values of B1
ut also the steric factor due to the presence of phenyl group of
X100, which interact with the quaternary ammonium group of
TAB.

According to Robson and Dennis [44] the TX100 micelle
as a prolate ellipsoid shape with a semiaxis of 52 and 27 Å for
he long and short dimension and its structure consisting of a
ydrated POE mantle and a hydrocarbon core. Ruiz and Aguiar
27] determined the length of the whole molecule of CTAB-
1.5 Å. This value compared with the dimensions of TX100
icelles indicates that, from the steric point of view, the incor-

oration of CTAB monomers in the TX100 micelle produces a
inor distortion in their micellar structure.
On the basis of the values of B1, B2 and the molecular inter-

ction parameter in the mixed micelle, βM, we determined the

alues of the standard free energy of micellization of TX100
nd CTAB mixtures from Eq. (28) which are presented in Fig. 8
curve 3). The points in curve 3 (Fig. 8) corresponding to the
alues of the standard free energy of micellization of individual

�

T
4

ig. 8. Dependence of the free energy of micellization �G◦
mic determined from

q. (31) (curve 1), Eq. (30) (curve 2), Eq. (28) (curve 3) and Eq. (33) (curve 4)
n the monomer mole fraction of CTAB, α.

urfactants were determined from the following equation [38]:

G◦
mic = RT ln CMC (30)

hese values of standard free energy of micellization for TX100
nd CTAB are equal −19.843 kJ/mol and −17.044 kJ/mol,
espectively.

In Fig. 8 there are also presented the values of standard free
nergy of micellization of TX100 and CTAB mixtures estimated
y other two different ways. Curve 2 presents the values of
G◦

mic calculated from the same equations as in the case of
ndividual surfactants (Eq. (30)). From Fig. 8 it is seen that for
he mixture of TX100 and CTAB at α = 0.2 and 0.4 there is a
ery good agreement between the values calculated from Eqs.
28) and (30). For mixtures of monomer mole fraction of CTAB
igher than 0.4 the values of �G◦

mic calculated from Eq. (30)
re somewhat higher.

Curve 1 in Fig. 8 represents the values of the standard free
nergy of micellization for mixtures of two surfactants defined
s:

Gmic = XM
1 �Gmic1 + XM

2 �Gmic2 (31)

he values determined in this way are higher than those obtained
rom Eqs. (28) and (30). It is possible that we can obtain the
ame values of �Gmic as those determined from Eqs. (28) and
30) if we add to the right side of Eq. (31) the term of the free
nergy of micellization resulting from the mixing process of the
urfactants in the micelles. This term should fulfil the equation:

M = RT (XM
1 ln f M

1 + XM
2 ln f M

2 ) (32)

here theXM
1 , XM

2 are the mole fractions of surfactants 1 and 2
n the mixed micelle and f M

1 , f M
2 are the activity coefficients of

he surfactants 1 and 2 in the mixed micelle. Adding the Eqs.
31) to (32) we have:
Gmic = XM
1 �Gmic1 + XM

2 �Gmic2 + GM (33)

he values calculated from Eq. (33) are presented in Fig. 8 (curve
). From Fig. 8 it appears that the values of the standard free
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the linear relationship between �V at CMC and monomer mole
fraction of CTAB in mixture, which confirms the synergism in
mixed micelle formation in solution.
8 K. Szymczyk, B. Jańczuk / Colloids and Surface

nergy calculated from Eq. (33) are identical as those determined
rom Eq. (28) and nearly the same as those determined from Eq.
30) (curve 2). In these three relationships presented above there
re minimum values of �Gmic at α equal 0.6.

These calculations indicate that using Eq. (32) it is possible in
simple way to obtain the values of the standard free energy of
icellization for mixtures of two surfactants identical as those

roposed by Maeda [43].

.6. Volumetric properties

Aggregation of the surface active agents into micelles is
elated to a change of the apparent molal and the partial molar
olumes. In the literature there are many works dealing with
he apparent molar volume of surfactants, φv, and the volume
hange, �V, upon micelle formation [45,46]. Kale and Zana
47] presented for simple mixture a law for evaluation of φv and
V on the basis of density measurements.
The φv can be evaluated from the following expressions:

v = MS

ρ0
+ 1000(ρ0 − ρ)

Cρρ0
(34)

here MS is the molecular weight of surfactant, C its concentra-
ion (in mol/cm3), ρ and ρ0 are the density of solution and pure
olvent, respectively.

However,

V = V̄M − V̄m (35)

here V̄M and V̄m are the partial molal volumes in the micellized
nd dispersed states, respectively. Usually it is assumed that V̄m
s equal to the apparent molal volume at infinite dilution. V̄m can
e calculated from the density by equation [45]:

¯M = Ms

ρ

[
1 − (100 − cp)

ρ

dρ

dcp

]
(36)

here cp is the solution concentration in % by weight.
The values of φv calculated from Eq. (34) are presented in

ig. 9.
In the case of the surfactant mixtures for calculations of φv

nd V̄M, average values of MS for TX100 and CTAB were used
MS = MS(1) α + (1 − α)MS(2)].

From Fig. 9 it appears that the biggest values of φv are for the
X100 (curve 1) and the smallest for CTAB (curve 6). In the case
f mixture of these two surfactants the values become smaller
rom α = 0.8 to 0.2 (curves 2, 3, 4, 5). For both pure surfactants
nd each mixture of the lowest concentrations the values of φv
learly become smaller. After a specific concentration, lower
han CMC, the values of φv are the same. These leveling of the
alues of φv before CMC indicate that at these concentrations,
imers or trimers are begging to form.

Fig. 10 shows the values of �V at CMC determined in dif-

erent ways. Curve 1 in this figure presents the values calculated
rom Eq. (35). It appears that there is a small deviation from
inear relationship between two points representing the values
f �V for a single surfactant. The linear relationship between

F
c
m
C

ig. 9. The relationship between the apparent molar volume of surfactants, φv,
nd concentration of solution, in % by weight, cp, for mixtures of TX100 and
TAB at different value of monomer mole fraction of CTAB, α.

hese two points (curve 2) is obtained form equation:

V = �V1α + �V2(1 − α) (37)

ecause we proved that in mixture at α = 0.2 the mole fraction
f surfactant 1 in the mixed micelle was the same as in the mole
raction in the bulk solution, but for α in the range from 0.2 to
.8 the values of XM

1 are smaller than appropriate α, we calculate
he values of �V (curve 3) from the equation:

V = �V1X
M
1 + �V2(1 − XM

1 ) (38)

s it is seen in Fig. 10 (curve 3), there is a negative deviation from
ig. 10. Dependence between the volume change upon micelle formation, �V,
alculated from Eq. (35) (curve 1), Eq. (37) (curve 2) and Eq. (38) (curve 3) for
ixtures of TX100 and CTAB at different value of monomer mole fraction of
TAB, α.
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30] V.B. Fainerman, R. Miller, Simple method to estimate surface tension
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5. Conclusion

The results of the measurements of the surface tension and
the calculations of the standard free energy of adsorption and
micellization of aqueous solution of CTAB and TX100 suggest
that:

(a) the surface tension depends on the concentration and com-
position of aqueous solution of CTAB and TX100 mixture
and at the concentration close to 5 × 10−6 and higher there
is a negative deviation from the linear relationship between
γ and α;

(b) for all α values the parameter of intermolecular interaction
in mixed monolayer; βδ has a negative value and decreases
with surface tension increases of solution of surfactant mix-
tures solutions;

(c) using the equation of state derived by Joos [17] and next
modified by us [15], it is possible to predict the surface
tension of aqueous solution of TX100 and CTAB mixtures
almost in the whole range of their concentrations from 0 to
CMC;

(d) it is possible to predict the tendency to adsorb the mixture
of CTAB and TX100 only on the basis of standard free
energy of adsorption of individual surfactants if we know
the monolayer composition at water–air interface.

(e) on the basis of MT theory of Blankschtein it is possible to
predict the CMC of CTAB and TX100 mixtures. The values
of CMC calculated are close to those determined from the
adsorption isotherms;

(f) there is a synergism in the surface tension reduction and
micelle formation at α = 0.2;

(g) knowing the composition of the mixed micelle it is possible
to determine in a simple way the standard free energy of
micellization process of CTAB and TX100 surfactant mix-
tures;

(h) there is a negative deviation from the linear relationship
between �V at CMC and monomer mole fraction of CTAB
in mixture.
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