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Abstract

The surface tension isotherms of dodecyl acid diethanole amide (DADA), sodium dodecyl sulfate (SDS) and their mixtures at different molar
ratios are measured by the Wilhelmy-plate method. The isotherms are analyzed by the theory of nonideal interactions in binary surfactant
mixtures (NIBM) and by the nonideal multicomponent mixed micelle model (NMMM). The molecular interaction parameters (MIP) on the
interface Bs, and in the micellesy, are determined by the NIBM method. By using the Ingram’s modification of this method, we calculate
the compositions of the mixed adsorption layers and of the micelles, as functions of DADA and SDS concentrations both below and above the
critical micelle concentration (CMC). It is shown that the DADA molecules prevail on the surface and in the micelles (>50%) at concentrations
around CMC even when DADA presents a small fraction in the surfactant mixture (5 mol%). This result is explained by the much higher
surface activity of DADA in comparison with SDS. At concentrations, which are about 1 order of magnitude above the CMC, the composition
of the micelles approaches the composition of the total surfactant mixture. The composition of the surfactant adsorption layer also becomes
much closer to the composition of the total surfactant mixture at concentrations well above the CMC. The results for the micelles composition
at moderate and high molar fractions of DADA in the surfactant mixture (above 10 mol%), obtained by NMMM and by NIBM methods, agree
well with each other. A discrepancy between the results obtained by these two models is found at low DADA fraction in the mixture, and this
discrepancy is explained by the presence of traces of dodecanol (DOH) in the used SDS sample.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction A co-surfactant, that is used as an additive and improves
significantly the foaming properties of the major surfac-
Surfactant mixtures are widely used in practice as foam tant, is often called a “foam booster.” Data showing that
and emulsion stabilizers due to their superior properties asdodecyl acid diethanole amide (DADA) plays the role of
compared to pure surfactants. The synergistic action of sur-a foam booster for the anionic surfactant sodium dodecyl-
factant mixtures is used in detergency, hair-care, body-care,polyoxyethylene-3 sulfate (SDP3S) were presentedb]n
house-hold, and many other surfactant-based proiLie®. (note that the abbreviation LADA, instead of DADA, was
For example, it was found experimentally that the critical used for the same substancésh). The detailed mechanism,
micellization concentration (CMC) for surfactant mixtures which leads to the foam boosting effect of DADA is not en-
is often lower than that of the individual components, which tirely clear, but it might be expected that this mechanism
decreases the irritation effect of the surfactant solutions onis related to a specific interaction between the DADA and
skin and eyes. Usually, this synergism is explained by the SDP3S molecules in the mixed adsorption layers (a quanti-
presence of strong specific interactions between the surfactative characterization of this interaction was not attempted
tant molecules in the mixed adsorption layers and in the in [5]).
mixed micelleq4]. In the present article we analyze the interactions between
sodium dodecyl sulfate (SDS) and DADA molecules in the
mspondmg author, Teks 359-54-830-495x272; mixed adsorptionilayers and in the mixeq rT_1iceIIes. SDS
fax: +359-54-830-371. was chosen for this study, because this anionic surfactant is
E-mail address: angarska@shu-bg.net (J.K. Angarska). widely used in practical applications as foaming agent and
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emulsifier. SDS has relatively high CMC and, for this reason, molar parts of DADA; and the mixture DADA/DOH con-

it is usually applied in combination with other surface active taining 0.0015 molar part of DOH. All solutions containing

additives (boosters), such as DADA or various beta[@¢s SDS were used immediately after their preparation to min-
The DADA molecules are uncharged at neutral pH, but imize the possible effect of SDS hydrolysis on the solution

they can participate in a donor—acceptor bond through the propertieq10].

free electron pair of the N-atom and bind protons at low pH  The Wilhelmy-plate method was used for measuring the

(rendering a positive charge). According [®, a positive surface tension of the solutions, The equilibrium values

synergistic action could be expected for co-surfactants of of o were measured, by using a frosted glass plate, 6 h after

such chemical structure and anionic surfactants, like SDS.the solution was poured in a PTFE container. To prevent the

The pronounced foam boosting effect of DADA with respect possible strong adsorption of DOH on the PTFE walls of the

to SDP3S solution§5] suggests that DADA probably has container (which could result in an uncontrolled reduction

a negative “molecular interaction parameters” (MIP) with of DOH concentration in the solution), a glass vessel was

SDP3S, and one may expect that the same is true for SDSused when DOH and DADA/DOH solutions were studied.

as well. All measurements were carried out at2®.5°C.
According to[1-4,6,7]the molecular interaction parame-

ters in binary surfactant mixtures could be determined from

equilibrium surface tension isotherms by using the theory of 3. Theoretical background—approaches

nonideal interactions in binary surfactant mixtures (NIBM). for evaluation of the composition of mixed

Based on this theory, approaches for determination of the adsorption layers and micelles

composition of mixed adsorption layers and mixed micelles

were proposed if1,8]. Alternatively, the nonideality of  3.1. Model of nonideal interactions in binary surfactant

the solution properties, caused by the interactions betweenmixtures (NIBM)

various surfactant components in mixed micelles, could be

analyzed by the regular solutions theory—this approach 3.1.1. NIBM model of Rosen

is implemented in the so-called nonideal multicomponent The measured surface tension isotherms [sgel) were

mixed micelle model (NMMM) developed if9]. The analyzed by the NIBM model developed by Rosen et al.

composition of the mixed micelles and the concentrations [1,6,7]. According to this model, the composition of the ad-

of the individual monomers in the surfactant solution can sorption layers for a two-component mixture can be deter-

be calculated by this model for multicomponent mixtures, mined byEq. (1) whereas the micelles composition at the

containing even more than two components. CMC can be determined frofq. (2)
In the current study we present data for the equilibrium X25In(eC12/ X15C1)

surface tension isotherms of SDS, DADA, and their mix- 1 21nT (1 1 = (1)
tures, at different molar fractions of DADA in the solutions. (+ ~ X19) N[ = @)C12/(1 ~ X15)C7]
The major aims of the study are: X%M IN(@C12m/ X1mMC1m) @

(i) to analyze the experimental data by the NIBM and (1= Xaw)?In[(1 — @) C12m/(1 = X1m) Cam]
NMMM and to determine the composition of the ad- whereq is the molar fraction of surfactant 1 (DADA) in the
sorption layers and of the micelles, along with the bulk solution; the molar part of surfactant 2 (i.e. of SDS) is
respective molecular interaction parameters (on the

interface and in the micelles); i
(i) to compare the results for the micelle composition nTo . oo
determined by the two methods and to evaluate how L x oe o ° 0.09
the dodecanol (DOH), which is present in the used ~ © % ., *°. 03
SDS sample of technical grade, affects some of the § < x oA ’. 4 DADA
properties of the mixed SDS/DADA solutions. % 50 4 xon R
g X X
E“ 40 , ’ x X X °© AA .
8 ] & a
2. Materials and methods < P — R e P
& 30 LA ** EAAM(Fpg
L AAX o H
The used SDS and DADA were both commercial grade ] Bl
products from KAO Co., Tokyo, Japan. In one series of 20 - ot
experiments, dodecanol, product of Sigma Chemical Co., St. LE-06 LE05 1E-04 LE03 LE-02 LE-01
Louis, MO, USA, was used as an additive. Surfactant concentration (mol 1”')

. S_e_veral types of solutions were studied: SF)lutlon'S of the Fig. 1. Equilibrium surface tensiom;, of SDS, DADA and their mixed
individual surfactants SDS, DADA, and DOH; solutions of  gojutions (containing different molar fractions of DADA: 0.05, 0.09, 0.2
the mixtures SDS/DADA containing 0.05, 0.09, 0.2 and 0.7 and 0.7) vs. total surfactant concentrati@,
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Table 1
Experimental and calculated values for mixed DADA/SDS adsorption layers and micelles
o Experimental data Calculated by the method of Rogsrs. (1)—(4)

Cmin (MM) CMC (mM) C1, (mM) at X1s Xim Bs Bm

o =33.5mNnr?!

0.00 5.00 12.30 452 — — — -
0.05 2.00 12.00 0.870 0.670 0.651 -1.31 0.20
0.09 1.50 8.80 0.611 0.774 0.887 -1.02 1.12
0.20 1.25 2.50 0.304 0.843 0.876 -151 a
0.70 - 0.27 0.106 0.991 0.990 -0.29 a
1.00 - 0.15 0.075 - - - -

a is the molar fraction of DADA in the surfactant mixtur€min, concentration corresponding to the minimum in the surface tension isotherm (see
Fig. 1); CMC, critical micelle concentratior;, concentration of DADA in the surfactant mixture at= 33.5 mN m1: X1s, molar fraction of DADA in
the adsorption layer at = 33.5mN mi1; Xy, molar fraction of DADA in the mixed micelles at CM@s and 8y, DADA/SDS interaction parameters
for the adsorption layer and the micelles, respectively.
aNo solution of Eq. (4)is found at this composition of the surfactant mixture.

equal to (1-«a); X1s, molar part of surfactant 1 in the mixed Eqgs. (3) and (4), respectively,

adsorption layerXip, molar part of component 1 in the Cy

mixed micellesCy, Cp, andCyo, molar concentrations of the  |Bs| > |In <C_2>‘ @)
; : . In (Cﬂ)‘ @)

value (close to CMC, in the linear part of the surface tension Com

isotherm). In our experiments, we determinegd C,, and

solutions containing pure surfactants 1, 2 and their mixture
C12, which correspond to surface tension= 33.5mN 1 3.1.2. Modification of the NIBM method by Ingram [8]

(1+2), respectively, corresponding to a given surface tension Bul >
M

(seeFig. 1). The quantitiesCim, Com, and Ciom are the The measured surface tension isotherms were analyzed
CMCs of the individual surfactants 1, 2 and of their mixture also by the modification of the NIBM method, suggested
(at a certain value aof). by Ingram[8], which is based on the following set of two

From Egs. (1) and (2)the values oiX;s and Xy were equations for the composition of the mixed adsorption layer:

determined by iterative numerical procedure, by using the 5 C1
. (i — ' i - Xisexp[Bs(l— X19)7] = (5)
values ofC; andC;y (i = 1, 2), which were determined ex 18 ®10(0)
perimentally from the surface tension isotherms, Gede 1 C
. ) . . )
The interactions between the two components in the sur- (1 _ x, o) exp[BsX24 =
factant mixture can be characterized by the so-called molec- ®20(0)

ular interaction parametergs and fu, for the adsorption  \yneregs is the interaction constant for the adsorption layer
layer and for the micelles, respectively. If one assumes that(equivalent to the interaction parameter in the model of
ps and fum do not depend on the total surfactant concen- Rosen)x;s, molar part of surfactant 1 (DADA) in the mixed
tration and on the relative fraction of the two components adsorption layerC; andC, monomer concentrations in the
in the mixture, these parameters can be evaluated by they |k solution (close to, but below CMC of the mixture);

equationd7,11} C1 = aCrandCy = (1 — a)Cy, whereC; is the total molar
IN(eC12/ X15C1) concentration of the two surfactani®; o(o) and @2 o(o),
Bs = W ®3) so-called “tension functions” for the solutions of the individ-
ual surfactants. Close to CMC, these functions are assumed
_In(@C12m/ X1mCam) (@) [8] to obey the equatio® = expK’ — K”o), whereK’
N A - X1m)? andK” are constants characterizing the used surfactant. The

. | fthe | : indi constantsk’, K7 andK?, K for DADA and SDS, respec-
Negf':mvg Values o tbe mteracﬂon paframeters |r: |ce}te nefttively, were determined from the surface tension isotherms
attractive interaction between the surfactant molecules. If J¢ihq individual surfactants (s&g. 2. The following val-

tk]le rznagni:cude oBs i§ sufficientlly IargIE, the shurfacE tensifon ues were obtainedk’, = —5.7328, K/ = 0.1081, K} =
of the surfactant mixture could be lower than the surface ~2.9442, andk} = 0.0717,

tensions of the individual surfactants at the same total sur- The micelles composition at CMC was evaluated by the
factant concentration (so-called “positive synergism”). With following set of equationgs]:

respect to the formation of mixed micelles, the positive syn-

ergism exhibits as lowering the CMC of the mixture below x,\ exp[8u (1 — X1w)?] = G (6)
the CMCs of the individual surfactants. As shown by Rosen Ciwm
[1], the conditions for a synergism in the surface tension Cy

2 1 _
and in the formation of mixed micelles can be expressed by (1 = X1m) €xplBu X1y] = o
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individual monomers. According to the NMMM, the mole
ST * SDS fraction, X;u, of thei-th component in the mixed micelles
] \‘\'\ 4 DADA can be expressed as:
* .
X = s ®
2 9T Cifi—Cjfj+a;Ct/Xim
aud N whereq; anda; are the mole fractions of any two compo-
S nentsi andj in the solutionf; andf;, the respective activity
BERE coefficients.
s According to the theory of regular solutions, one can use
-15 | | : : the following expression for the activity coefficients of the
25 35 45 55 65 75 various components:
Surface tension (mN m_l) i
Fig. 2. Plots of IrC vs. surface tension, used for determination of the In fi= Z ﬂin§M
adsorption constant&}, K{and K}, K} of DADA and SDS, respectively J=1(j#i)
(seeEg. (5)and the comments below it). I
_ _ _ _ _ + >0 D (Bi+ Bk — B X mXim 9)
where By is the interaction constant in the micell&jy, =1 k=1
molar part of surfactant 1 in the mixed micell€yy and (j#i7k)

Com, CMCs of the individual surfactants.

In fact, Egs. (5) and (6)n the Ingram’s model are equiv-
alent toEgs. (1) and (3)in the Rosen’s model. That is
why, the calculated values for the interaction paramefgys,
and v, and the compositions of the surface layewat
335mNm! and of the micelles at CMC, determined by
the two models, were exactly the same (3able 7). How-
ever, the approach of Ingraf8] allows one to calculate the
surface tension isotherms and the composition of the ad-
sorption layers for surfactant mixtures at arbitrary surfactant
concentrations below and above the CMC. The composition
of the mixed micelles can be also calculated by this method.

The procedure of calculations is the following: The value
of Bs (determined from the data below CMC) is substituted py using the natural constraiEXiM — 1. For the studied
into Eq. (5)to calculater andX;s at an arbitrary value of; i—1
below CMC. Above CMC, the composition of the micelles, three-component system (DADA, SDS, DOH) one derives

The parameterg;; in Eq. (9) are constants, characterizing
the pairwise interactions in the mixed micelles. These pa-
rameters can be expressed through the interaction energies,
W;;, between the various molecular species in the micelles
and can be determined from experimental surface tension
isotherms of the respective binary surfactant mixtures (see
Eq. (4).

If the parametersg;; are known, the problem for determi-
nation of the composition of the mixed micelle§y, and
the monomer concentrations in the surfactant solut@n,
requires one to solve the set of equations, obtained by sub-
stituting Eq. (9)into Eq. (8)for the various components, and

n

X1m, is determined by solving the following equati{8]: the following set of equations:
PXfy + (Ct = P)Xam — aCt =0 ) In f1 = 12X5y + P13X5u + (B2 + P13 — B23) X2mXam
where, by definitionP = Com exp[Bu X3),] — C1m exp[Bum (10a)

1- XlM)Z]. The values ofX1y, calculated fromEq. (7) 9 "
are substituted int&q. (6)to yield the concentration of the N /2 = B12X1y + P23X3y + (B12 + B23 — P13) X1mXam

monomersCy; andCy, which in turn are inserted intgg. (5) (10b)

to determine the surface tensien,and the composition of

the adsorption layeiX;s, above the CMC. In f3 = Br3X2y + B23Xay + (13 + B23 — B12) X1mX2am
(10c)

3.2. Nonideal multicomponent mixed micelle model

(NMMM) [9] Xy = Gt (11a)
Cif1— Cof2 + (a2Ct/ Xom)

This model was used to evaluate the composition of the @sCy
mixed micelles in the SDS/DADA solutions, taking into Xom = (11b)
account the presence of DOH in the used SDS sample. Cafa = C3fs + (@3Ct/ Xawm)
The NMMM presents a generalization of the pseudo-phasewhere the indices 1, 2, and 3 refer to DADA, SDS, and
separation model for treatment of multicomponent nonideal DOH, respectively.
micelle systems. The approach allows one to determine the We solved numerically the set &qs. (10) and (11by
micelle composition, as well as the concentrations of the iteration steps—the values ¥fy and X2y were calculated
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by usingEq. (11)(X3m = 1—X1m— X2m) until the quadratic 80
difference between the values calculated in two consecutive ..
steps converged to a pre-described precision. ~ 0T " ‘~
| . N
: 60 1] A s ¢ LR 4 . °
£ . A . .
4. Experimental results and discussion £, e . L
£ 50+ .
5 ® Pure SDS " n .
- A L)
4.1. Surface tension isotherms 8 4o SDS (our sample) ° . e
) 1 © SDS+ 0.05 DADA A o . ®
& 4 DADA . S 00 ¢
The measured surface tension isotherms of the individ- 30, [0+ 00015 pon 98 QO e
ual surfactants SDS and DADA, and of their mixtures at | wDoH faz u
DADA molar fractionse = 0.05, 0.09, 0.2, and 0.7, are 20
plotted inFig. 1 As seen from this figure, a minimum in LE07  1E06  1E05  1EO04  1E03  1E02  LEOI
the isotherm of SDS is observed @in ~ 5 x 10°3M Surfactant concentration (mol ")

(omin = 31.9mN mi~1). After this minimum, the value of _ . o .

. 1 Fig. 3. Equilibrium surface tension isotherms used to estimate the molec-
increases and reaches almost a (,:0nSta,mm§mN m ! ular interaction parameters in the micellgh; ) between: SDS and DOH

at Csps > 1.2 x 10-2M. The minimum in the isotherm in- (B2s = —1.41); DADA and SDS 1, — +0.20); DADA and DOH
dicates that the used SDS sample contains traces of DOH agg.3 = +0.10). The isotherm of pure SDS is taken fr¢h3], the isotherm

an impurity (see e.dg10]). We do not expect that DOH was  of pure DOH is from[10].

created as a result of SDS hydrolysis in the studied solu-

tions, because we used only fresh SDS solutions (accordingfactants,813, and this isotherm was found to be very similar
to [12], the hydrolysis of SDS is rather slow at neutral pH). to the isotherm of pure DADA (seE€ig. 3).

As suggested i1j10], the CMC of the surfactant solution

was associated with the beginning of the plateau region after4.2. Evaluation of the content of dodecanol in the used

the minimum. Thus, CMG= 1.23 x 1072M was accepted  SDSsample

for the SDS solutions (without DADA). The values of CMC

and of Cmin =~ 5 x 103 M for the used SDS solutions are For the data analysis by the NMMM method we need
in a reasonably good agreement with the respective valuesto know the amount of all three-components (DADA, SDS,
determined if10] (1.0 x 102 and 75 x 10~3M, respec- and DOH) in the surfactant mixtures. The relative amount
tively) for SDS (98% purity from Aldrich) solutions contain- of DOH in the used SDS sample was estimated by using
ing traces of DOH. The presence of DOH, as an impurity in the simplifying assumption that the adsorptions of DOH
the used SDS sample, is supported also by the value for theand SDS can be described by Langmuir adsorption isotherm
effective surfactant adsorptioffror = 5.5x 106 molm=2, from a binary mixture, and that the area per molecule in the
which was calculated from the slope of the isotherm just be- adsorption layer is the same for the two components. Under
low the CMC. The latter value is considerably higher than these assumptions, one derives the following relation:

the value determined by Tajima et §L.3] for pure SDS
(I'sps= 3.2 x 10~%mol m*2).

No minimum was observed in the surface tension isotherm
of pure DADA. The obtained value of CMC,8x 1074 M, is where I'pox and I'sps are the adsorptions, whilkpon
about 2 orders of magnitude lower than the CMC of the SDS and ksps are the adsorption constants of DOH and SDS,
solutions, which indicates the significantly higher surface respectively. Substitutingsps = 5 x 10 M~* andkpon =
activity of DADA. 2.5 x 10°M~1 (taken from[14]), and assuming thafpon

One sees fronFig. 1 that the isotherms of the mixed can be presented d»on = I'ror — I'sps We derive:
SDS/DADA solutions are placed between the isotherms of . rope CboH
the individual surfactants. The shape of the isotherms of —— = = 500@ (12)
the solutions containing 0.05, 0.09 and 0.2 molar parts of
DADA resemble that of the SDS solutions (a minimum in By using Itor = 5.5 x 10 molm2 (seeFig. 4) and
the isotherm is observed). The isotherm of the solutions con- I'sps = 3.2 x 10~% mol m~2 for pure SDS aCsps = 3.2 x
taining 0.7 molar parts of DADA is almost identical to that 103 M [13], we estimated’pon ~ 4.9 x 107 M, i.e. the
of pure DADA, which indicates that the adsorption layer in content of DOH in the used SDS sample is about 0.0015
this system was composed exclusively of DADA molecules. molar parts. A more refined analysis of the measured surface
The above conclusions are confirmed by the numerical anal-tension isotherm of our technical SDS by the method of
ysis of the isotherms, as well (s&ection 4.3below). Kralchevsky et al[15] gave similar result for the molar

The isotherm of mixed DADA/DOH solutions, contain- fraction of DOH in the used SDS sample (0.0012 molar
ing 0.0015 molar parts of DOH, was also measured to parts). Although this molar fraction of DOH is rather low,
determine the interaction parameter between these two surwe analyzed the DOH contribution to the composition of the

I'bon _ kpoH CpoH
I'sps  ksps Csps

(12)
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80 1 The analysis of the data with respect to the interaction
_ 702 :Zgz(sol?jsample) parameter in the micellegy, was not so straightforward,
T however. First, we found thgh, = 0.20 > 0, at low DADA
7 o0l molar fraction & = 0.05), which indicates a net repulsion
E ] between the DADA and SDS molecules in the micelles. Sec-
§ 0§ ond, the calculated value ¢fyy was several times larger
£ ata = 0.09 (Bv = 1.12) as compared ta = 0.05. Fur-

::ﬁ w7 thermore, no numerical solutions Bfjs. (4) and (6were
&30l obtained at the higher DADA concentrations £ 0.2 and
] 0.7). All these results indicate that there is a net repulsion
20 1 between the molecules of DADA and SDS in the micelles.

o
W
S

730 630 =330 430 This repulsion could probably lead to formation of two types
In(C') of micelles (one type enriched in SDS molecules, and the
Fig. 4. Surface tension isotherms of pure SP8] and of our technical other one enriched in DADA molecules) at the higher molar
SDS, which were used to estimate the DOH molar fraction in our SDS fractions of DADA, which makes questionable the applica-
sample (sedection 4.2 tion of the theoretical approach to concentrations above the

CMC.
mixed micelles by the NMMM model, in order to compare To make further calculations by the method of Ingr@h
the results with those from the NIBM modeéction 4.4 for the compositions of the mixed adsorption layers (above
the CMC) and of the micelles, we assumgég = 0.20 for
4.3. Composition of the mixed adsorption layers and of all mixed micelles. This value o8y corresponds to weak
the mixed micelles, as calculated by NIBM repulsion between the SDS and DADA molecules in the

The relatively small content of DOH in the SDS samples )
allows us to ignore its presence in the micelles and in the ad- 1T
sorption monolayers (as a first approximation), and to con- 0.9 +
sider the system as a binary DADA/SDS mixture that can 08 +
be analyzed by the NIBM model. ]

The CMC values of the individual SDS and DADA, and
of their mixed solutions, as determined from the isotherms ]
(Fig. 1), are presented ifiable 1 Based on these data, we = %3]

solvedEgs. (2) and (4pnd determined the interaction pa- 0.4 ¥

rameter,By, and the micelle composition at CM&qpv, 03 T

according to the model of Rosét]. Let us note that by us- 02+

ing Eqg. (6)and the same experimental data, we determined NE

the micelle composition according to the model of Ingram o]
[8] and obtained the same results, because the equations of 14 n 10 3 P 4 5
Rosen[1] and Ingram[8] are equivalent at CMC. () In(Ct)

From the surface tension isotherms, we determined the
surfactant concentration correspondingte: 33.5mN ! .
(see Table 1. These concentrations were used to solve Iy
Egs. (1), (3) and (5)and to obtain the values of;s and 09 +

Bs in accordance with the models of Rogéh and Ingram 0.8 F\’ﬁ\"’x\ﬁ.\‘
[8] (seeTable ). We found in these calculations that the 07 +
value of Bs was equal to-1.28 + 0.25 (for molar fraction 0.6 T

of DADA in the mixturea = 0.05, 0.09 and 0.2). At the

205+
highest molar fraction of DADAd = 0.7) much lower in = W
magnitude value ofis was calculated-{0.29). We suppose 031 =005
that the latter value is inaccurate, because the adsorption ] ——009
layer virtually does not contain SDS at this high DADA 027 w02
fraction, X15 = 0.99. In the further calculations we use 01T w07
Bs = (—1.31), which is determined at = 0.05, because 0 ]
the adsorption layer contains almost equal fractions of SDS -10 -8 -6 4 2
and DADA at this molar fraction of DADA in the soluton ~ ® In(C't)

(so the precision in the calculation g§ is expected to be  Fig. 5. composition of the adsorption layers (a) and of the micelles (b)
the best). calculated by Ingrams’s modegs. (5)—(7)
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70 70
60 T 60
“.‘E 1 '
% 501 % 50 ]
se w0
g 40 5 40
(] o
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5 E 1
»n 30 & 30
20 r —rrrrt — rrrt Tt — T 20 — T — T
1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01
. -1
(a) Surfactant concentration (mol ") (b) Surfactant concentration (mol ™)
70 70
60 ] _ 604
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z ] 4 1
£ 50 E 50+
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2 ] z ]
840t S0l
o B o 4
Q 4
= =] 1
« 30 A @» 30
20 4 - 20 ——t——
1.E-05 1.E-04 1.E-03 1.E-02 1.E-06 1.E-05 1.E-04 1.E-03
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Fig. 6. Plots of experimental (symbols) and theoretically calculated (solid curves) surface tension isotherms of mixed SDS/DADA solutiarisg contai
different molar fractions of DADA: (ajx = 0.05; (b) « = 0.09; (¢) « = 0.2; (d) « = 0.7.

micelles, so that no segregation into two type of micelles is DADA, « > 0.05. Nevertheless, the comparison between the
expected (and the theoretical approach is justifigg) was surface tension isotherms, calculated with = 0.20, and
substituted intdeqg. (7) and the micelle compositionim, the experimental isotherms showed reasonably good agree-
at the studied molar fractions of DADA in the surfactant ment for all studied solutions below CMC (s€égg. 6). Good
mixtures (0.05, 0.09, 0.2, and 0.7) were calculated. Theseagreement between the calculated and measured isotherms

values ofXjy were then substituted intBq. (6) to yield above CMC was found also for the solutions containing not
C, and C, which, in their own turn, were substituted into too low DADA fraction @ = 0.2 and 0.7). At the lowest
Eqg. (5)to determiner andX;s above the CMC. DADA fractions in the mixture ¢ = 0.05 and 0.09) the

All results for the compositions of the mixed adsorption calculated and measured isotherms agreed only at surfac-
layers and of the mixed micelles, calculated by the method tant concentrations below the minimum in the isotherms,
of Ingram[8], are plotted irFig. 5. It is seen that the DADA  whereas, the theoretical isotherms were found to lay below
molecules prevail on the surface and in the micelles (>50%) the experimental points at higher surfactant concentrations.
at concentrations below and around the CMC even when The most possible reason for this discrepancy between the
DADA presents a small fraction in the surfactant mixture calculated and the measured isotherms around the minimum
(5mol%). At concentrations, which are about 1 order of in the isotherms is the presence of DOH in the solutions,
magnitude above the CMC, the composition of the micelles which is not taken into account in the NIBM model.
approaches the composition of the total surfactant mixture.

The composition of the surfactant adsorption layer also be- 4.4. Composition of the mixed adsorption layers and

comes much closer to the composition of the total surfactant micelles calculated by NMMM

mixture at concentrations well above the CMC. Therefore,

there is a significant redistribution of surfactant molecules To get some idea about the effect of DOH on the mi-
between the adsorption layers and the micelles with the in- celle composition in the studied solutions, the adsorption
crease of the total surfactant concentration just above theisotherms were interpreted also by the NMMM for a

CMC. three-component mixture. The parametgysfor the pairs

Obviously, the valuegy = 0.20, which was used in the  DADA/SDS, DADA/DOH and SDS/DOH were calculated
above calculations, is not well justified at molar fractions of from Eq. (4) by using the isotherms presented Rig. 3.
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Table 2
Composition of mixed micelles evaluated by NMMM

ODADA Surfactants o X; f;

0.05 DADA 0.0500 0.227 1.15
SDS 0.9485 0.766 1.00
DOH 0.0015 0.007 0.34

0.09 DADA 0.0910 0.438 1.07
SDS 0.9077 0.555 1.03
DOH 0.0014 0.007 0.46

0.2 DADA 0.2000 0.857 1.01
SDS 0.7988 0.137 1.15
DOH 0.0012 0.007 0.88

0.7 DADA 0.7000 0.992 1.01
SDS 0.2985 0.005 0.85
DOH 0.0005 0.002 1.05

«; is the molar fraction of DADA in the studied solutioix;y, molar
fraction of DADA in the mixed micelles at CMCf;, respective activity
coefficients.

Part of the isotherm of the mixed solution DABA0.0015
molar parts DOH was measured and the isotherms of pure
SDS and DOH were taken from literatu{@¢0,13] The
concentration 5¢ 10~>M was accepted as CMC of DOH,
because the formation of surfactant aggregates (lenses) wa
observed on the solution surface above this concentration.
For the micelle interaction parameter between DADA and
SDS molecules we used the valgez v = 0.20, which was
calculated for molar part of DADAy = 0.05 (se€Table J).

Based on the isotherms of the individual surfactants SDS
[13] and DOH[10], and the isotherm of SD$ DOH, mea-
sured by us, we determined thats (the molecular interac-
tion parameter between SDS and DOH) is equaHi.41).
From the isotherms of DADA, DOIHL0] and DADA+DOH
solutions we obtaine@i3 = +0.1 (i.e. a weak net repul-
sion between the DADA and DOH molecules was regis-
tered). The obtained values 6i», 823 and 813 were used
to solve the set oEgs. (10) and (11&nd the molar parts of
the three surfactants in the mixed micelles were determined
(seeTable 2. From the data presented Table 2one sees
that the molar part of DOH in the mixed micelles formed in
all studied solutions is rather low<Q.0015). Therefore, the
presence of DOH in the solutions is not expected to affect
strongly the micelle composition.

On the other hand, the micelle composition calculated by
NMMM agrees very well with the results from the NIBM
model only for the solutions containing 0.2 and 0.7 mo-
lar parts of DADA (compard&ables 1 and R The calcula-
tions of the micelle composition by the NMMM predict that
the micelles should contain predominantly SDS molecules
around CMC in the solutions containing low fractions of
DADA (o = 0.05 and 0.09), whereas the NIBM method
predicts that these micelles should contain predominantly
DADA molecules. The reasons for this discrepancy are not

very clear at the present moment. One possible reason could

be the formation of two types of micelles (SDS enriched
and DADA enriched) as a result of the net molecular repul-
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sion between the DADA and SDS molecules and the related
problems with the determination of the interaction param-
eter B (seeSection 4.3. Another possible reason is the
presence of DOH in the SDS sample, which causes a min-
imum in the SDS isotherm, and hence, makes dubious the
determination of the CMCs of SDS and its mixtures with
DADA at low DADA molar fraction,«. Besides, the data
from Table 2suggest that the values of the activity coeffi-
cientsf; andfy (for DADA and SDS, respectively) are close
to unity for all investigated solutions, while the valuesfpf
(for DOH) deviate essentially from unity.

5. Summary of the main results and conclusions

The equilibrium surface tension isotherms of the indi-
vidual SDS and DADA, and of their mixed solutions with
0.05, 0.09, 0.2 and 0.7 molar parts of DADA were measured
(seeFig. 1) and interpreted by NIBM and NMMM meth-
ods. Minimum in the isotherm of the used SDS indicated
the presence of dodecanol, whose content was estimated to
be~0.15% molar parts.

From the performed data interpretation by NIBM method
®ne can conclude:

e Below CMC, the solution surface is occupied predomi-
nantly by DADA molecules in all mixed solutions with
DADA molar fractionae > 0.05 (seeFig. 53. Therefore,
very small quantities of DADA change significantly the
surface properties of SDS solutions, due to the higher sur-
face activity of DADA.

Above CMC, the molar part of DADA in the adsorption
layer rapidly decreases with the total surfactant concen-
tration, because the DADA molecules are incorporated
into the micelles. In this concentration range, the SDS
molecules prevail in the adsorption layer at not too high
DADA content ¢ < 0.2).

The obtained value of the surface interaction parameter,
Bs ~ —1.3, implies weak attractive interactions between
the SDS and DADA molecules in the adsorption layer.
The absence of a strong synergism between DADA and
SDS is evidenced also by the fact that the isotherms of
the studied mixtures lay between the isotherms of the
individual surfactants.

The DADA molecules prevail in the micelles at CMC and
their content increases with increasing the molar part of
DADA in the solution (sed-ig. 5. The value offy,
obtained for the mixed micelles, is positive which means
that there is a net repulsion between the SDS and DADA
molecules in the mixed micelles.

The surface tension isotherms of mixed DADA/SDS solu-
tions were theoretically calculated by Ingram’s approach
[8]. A good agreement was found between the calculated
and measured isotherms below CMC. The observed dis-
crepancy between the calculated and measured isotherms
above CMC, at low DADA fractiond = 0.05 and 0.09),
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is probably due to the presence of DOH in the studied
samples.

The micelle interaction parametey,, were determined
by the NMM model for the various pairs of surfactants
in the studied solutionsSection 4.4. The results for the
micelles composition at moderate and high molar parts
of DADA, calculated by NMM model, agree well with
those obtained by NIBM. A discrepancy is found for the
solution containing low fractions of DADA < 0.09),
which is probably due to the presence of DOH in the used
SDS sample.
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