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Abstract

In this work we describe a simple thermodynamic method for determination of the adsorption (amount per unit area) of ionic surfactant. The
latter is obtained from the interfacial tension isotherm measured in the presence of arbitrary (and fixed) concentration of inorganic electrolyte.
Polynomial fit of the interfacial tension versus the logarithm of the mean ionic activity is combined with the Gibbs adsorption equation written
in a form suitable for arbitrary content of salt. This procedure is an extension of the approach of Rehfeld [J. Phys. Chem. 71 (1967) 738]. We
have performed measurements with sodium dodecyl sulfate (SDS) on water/air and wakéréatfecane and Soybean Oil) boundaries, at
different salt concentrations (10 and 150 mM NacCl). Wilhelmy plate method was used for the water/air measurements; for water/oil we applied
drop shape analysis with pendant drops. The obtained isotherms, together with literature data, are processed and the adsorption is determinec
The results are compared and discussed in view of the role of the salt and the type of the hydrophobic phase. On oil/water boundaries the
adsorption is always lower than that on air/water surface; addition of inert electrolyte increases the adsorption.

We analyze theoretically the asymptotic behavior of the adsorption as a function of the solute concentrations in the limit of high surface
coverage. The treatmentis based on models existing in the literature (Langmuir isotherm with account for the counterion binding, as formulated
by Kalinin and Radke [Colloids Surf. A 114 (1996) 337]; the activity coefficients were taken into consideration in the frames of the Debye-
Huckel theory). The obtained asymptotic functional dependence of the adsorption is used for fitting of data. The agreement is always good, in
the concentration region below and near the critical micellization concentration (CMC). From the fits we determine the limiting adsorption at
maximum coverage (i.e., at saturation); therefrom, the degree of coverage of the interface with surfactant is estimated. It turns out that at the
CMC the coverage is lower than about 90%. Thus, we confirm literature results for absence of saturation with ionic surfactants at the CMC.
The dependence of the surface coverage upon the mean ionic activity is rather insensitive toward the type of the fluid interface (air/water,
oil/water with different hydrocarbons), and the salt concentration.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction clude air/water surfaces) and emulsions (in which there are
oil/water interfaces). The macroscopic properties of these
The adsorption of ionic surfactants on fluid interfaces is a liquid dispersions (stability, rheology, etc.) are largely de-
topic of considerable interest, in view of its importance for termined by the amount of surfactant adsorbed on the fluid

the stability of disperse systems, such as foams (which in- boundaries.
While the surface (air/water) and interfacial (oil/water)
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surfactant adsorption/Ts, nhumber of molecules per unit used this approach to calculate the adsorption of SDS at the
area). On air/water surfaces, direct measurememtsofias CMC (without added salt), and to compare the air/water sur-
implemented with radiotracer techniqyés4]; the latter al- face with different oil/water interfaces. It was established that
low one to determine the radioactivity of the surface when the area per molecule at the CMC was larger on hydrocar-
it is covered with labeled surfactant. Another method, again bon/water boundaries (45—§\f for n-saturated alkanes, and
for air/water interfaces, is the neutron reflect[dr6]; it in- even larger for polar and unsaturated oils), than on air/water
volves fitting of the measured reflectivity profile with a cal- boundary (43.9\?).
culated profile for a simple structural model (such as, e.g., Lu et al.[5,6] also used a polynomial fit of (Eq. (1))
a single layer of homogeneous composition, containing sur- up to the second power of &) again for ionic surfactant
factant[6]). Lu et al.[6] discussed the reproducibility and  without added inorganic electrolyte. It was pointed out that
the possible errors in the neutron reflection method (associ-the polynomial fit increased the accuracy of the calculation
ated also with contingent impurities of the surfactant, sodium of I's considerably (in comparison to just taking the slope,
dodecyl sulfate (SDS)). Eqg.(2)) [5]. However, such a refined procedure required high
Inthe literature, the measured valueg@fivere compared  quality of the raw datfb].
with the adsorption obtained by differentiation of the surface  In this work we combine the approach of Rehfeld (EG3.
tension isotherm according to the Gibbs adsorption equa-and (2) with the more general case of Gibbs adsorption equa-
tion. Tajima et al. reported good agreement between radio-tion written in a form suitable for arbitrary concentration of
tracer data and the thermodynamically determingdrom added inorganic salt. Thus, from the isothernaroheasured
the isotherm o&, for SDS without added sdlt], in the pres- at fixed salt content one can obtain the amount of surfac-
ence of excess Na(?], and at differentintermediate concen- tant per unit areal(s) physically adsorbed on the interface.
trations of NaCl[3]. In the general cag@], the application The proposed procedure is suitable both for air/water and for
of the Gibbs equation required knowledge of two slopes of oil/water boundaries. Comparison of data reveals the influ-
o, one versus the surfactant concentration, and one versugnces of the type of the fluid interface (air/water; oil/water),
the salt. Those studig§—3] confirmed the appropriateness and the presence of inert electrolyte. We also explore the
of the Gibbs isotherm for ionic surfactants in the presence of asymptotic behavior of s at high concentrations. Plots of
arbitrary salt concentration. I's in an appropriate scale allow determination of the lim-
Thomas and co-workeif§,6] demonstrated that neutron iting adsorption at maximum coveragE ), in the frames
reflection from air/water surface covered by SDS (in absence of the Langmuir adsorption model. The calculated degree
of salt) gave values of s close to other literature data and of surface coverag®,=I's/I",, leads to important conclu-
to their own results from the isotherm of At the same sions: (I) at the CMC the interface is not completely covered
time, there is a discrepancy with the findings of Tajima et al. by surfactant, withoc,c of about 0.8—0.9. This supports the
[1-3]aboutthe trend in the adsorption atincreasing surfactantfindings of Thomas and collaboratdgs6]; (11) for different
concentration. According to Tajimd;s reaches a constant systems, containing adsorbed SDS on air/water and oil/water
value (saturation) at concentrations of SDS significantly be- interfaces in the presence of various amounts of NaCl, the
low the critical micellization concentration (CMC) —at about concentration dependencetdies on a “master curve”. The
3x 103 M [1]. In contrast, the neutron reflection measure- latter curve encompasses both our measurements and liter-
ments proved that the adsorption did not exhibit saturation ature data for SDS. In other words, although the adsorption
up to concentrations well above the CNE}. The latter con- I's is different, the degree of surface coverage does not es-
clusion holds for alkyl trimethylammonium bromidgg, as sentially depend on the type of the system.
well as for sodium dodecyl sulfate (SDfB]. Evidently, a re-
liable method for determination of the surfactant adsorption
(I's) and its concentration dependence will help to resolve 2. Theory
this controversy.
Rehfeld[7] proposed that the isotherm ofversus the 2.1, Procedure for determination of the adsorption
surfactant concentratior, be fitted with a polynomial in
powers of Inc We consider a system containing ionic surfactant and in-
1) organic electrolyte with a common counterion, such as, e.g.,
sodium dodecyl sulfate (SDS) and NaCl. Allions are monova-
(herezy, 71, 22, ... are numerical coefficients). He explored lent. The Gibbs adsorption equation (at constant temperature)
the simple case of ionic surfactant (SDS) without added salt, reads:
when the Gibbs equation specifies that

o=z04z1lnc+z2(nc)® + - -

1 do d0=—fsdﬂs—fcdﬂc—fcodﬂco 3)
Is=——— )
2RT dInc whereo is the equilibrium interfacial tension; the subscripts
Thus, the combination of EqEL) and (2)yields I's directly designate the surfactantions (“s”), the counterions (“c”), and

(in the concentration region below the CMC). Rehf§gfd the co-ions (“co”);I;(i = s, ¢, co) represent the Gibbs ad-
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sorption excesses, which include both the quantities physi-
cally adsorbed on the interfac€’), and the excesses from
the diffuse part of the electric double layeFd™): I} =

r; + rf; u; are the chemical potentialsyg=kTdIna,
whereg; are the ionic activities in the bulk solution, akd

is the thermal energy.

In systems without added inorganic salt, the surfactan
concentrations needed for the isothermr afe usually below
0.01 M, so the difference between activity and concentration
may be neglectefb,8,9]. On the other hand, in systems con-
taining excess inorganic salt and ionic surfactant with con-
centration below the CMC, the ionic activities far away
from the interface are well represented by the relation (cf.
Ref.[8]):

t

(4)

wherey . is the mean activity coefficient, arglis the con-
centration of theth ion in the bulk of the solution. The activ-
ities can be regarded as effective concentrations of the ionic
specieg8]. When the electrolyte is 1:1 valent, the coefficient
y+ iswell described by the following semi-empirical formula
(stemming from the Debye-iitkel theory with account for
the finite size of the iong)L0,11}.

AT
7\/—+b
1+ Bd;i/1

Here | is the ionic strength; for NaCl solutions at
25°C, A=0.5115 M2 Bd =1.316 M~12 (the “ion diam-
eter” d; is a mean value for the respective couple of ions),
b=0.055 M.

In the case wher is measured as a function of the sur-
factant concentration at constant concentration of salt, one
has dico~ 0 and @s~ da; (neglecting small changes in the
activity coefficient). Then, E(.3) becomes:

a; = y+¢Ci

lgy:r =— I

Is T
do = —kT <S - C) das
ds dc
- I
_ —kT{(rerr;“ﬁ)w cc’}das (5)
asdc dc

The second equality follows from the condition for total elec-
troneutrality of the double layef = I's + I'co. It is natural

to assume that the co-ions do not physically adsorb on the in-
terface[3], solto = I3, and we can use the results of the
classical Gouy-Chapman theory for the diffuse layer contri-
butions tol; (see e.g. Eq(11)in Ref.[12]):

dc —

Cco ds

Cs

diff
Ito _

diff —
re

dco

(6)

ds as

Eq. (4) was utilized to write Eq(6) in terms of activities.
Replacingl o in Eq.(5) with I3 = rdif (a; — ag)/as from

Eq. (6), we derive:
> + } das

1 1
_ + —_
ds dc

2r g

ds

(7
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Simple estimate shows that the term witfl™ in Eq. (7) is
negligible. Indeed, from Ref12]:

diff ¢ ¢d> }
= expl——= ] -1 8
o=t ©
wherec is the surfactant concentration, = 0.001338,/cm

(besideskc+/T = « is the inverse Debye screening length),
andgy is the dimensionless electric potential at the onset of
the diffuse layer. One writegq = ZseW 4/(kT), whereZs is
the valency of the surfactant ior-{ for DS™), eis the elec-
tronic charge, and 4 is the respective electric potential; thus,
¢q>0. The term enclosed in the braces (&) is always
between-1 and 0. As an example, let us assg§¥ for sur-
factant concentration of 8 10~3 M (the CMC of SDS) and
1=0.1M. Eq.(8) gives |I'df| < 9.3 x 10" cm2. The ad-
sorption"s around the CMC is of the order of210%* cm~—2
for SDS[6,7], so we conclude thar 8| « I'sunder typical
conditions.

For the sake of convenience, we introduce the auxiliary
notation:

9)

(csalt is the concentration of inorganic electrolyte). In these
terms, the quantity “mean ionic activity, , used in Refs.
[9,13] and in the plots below, ig* = ,/aa;. Now, with
da=da;, Eq.(7) acquires the form

1 do
kT dIn (aay)

at = ac = as+ aco = y+(c + csa); a =as= yxc

Is= (10)

Eq. (10) suggests a procedure for determination of the ad-
sorption, I's (the amount of ionic surfactant physically ad-
sorbed on the interface, per unit area), from the isotherm
of o, in the case when the system contains arbitrary con-
centration of indifferent electrolyte. We represent the con-
centration dependence of the interfacial tension as a polyno-
mial

o = 20+ z1In(aar) + z2[In(aar)]? + z3[In(aay)]® (11)

(Eg. (11) is a generalization of Ed1)). Experimental data
are fitted with Eq(11), and differentiation is applied to the
fitting polynomial according to E(q10).

2.2. Asymptotic behavior of the adsorption at large
surfactant concentrations

A theoretical model, widely used in the literature and
proven to be adequate for description of ionic surfactant ad-
sorption[8,12,14] is the Langmuir/Frumkin model, which
assumes existence of a limiting maximum adsorptiog,,
reached asymptotically at high concentrations. It should be
mentioned thatl", is a model parameter, not a quantity
attainable in experiment. The isotherm b§ as a func-
tion of the surfactant concentration is usually represented
interms ofd = '/ I" o, (degree of surface coverage), and has
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the form[8] of the electric potential at the “shear plane” where the
potential is measured (rather than to decreasgyf
1% exp(—p0) = Ksassub = Ksasexp(—eo) (12) In any case, within the range of validity of the simplified

Eqg. (15), it can be combined with the counterion-binding
Here g is a parameter accounting for the lateral interactions model, Eq(14), and with the Frumkin isotherm, E(L2), to
within the interfaceKs is the adsorption constant, aaglsup yield:
is the surfactant activity in the sub-surface layer (the region
in the volume phase directly adjacent to the interface). Inthe ©
frames of the model adopted in RE3], the sub-surfaceand 1 -6
the surface are at the same plate0. The activityas syn
depends on the dimensionless electric potential at the sub
surfacepg =Zsewo/(KT) (wherew is the sub-surface poten-
tial). Below we discuss the dependencdfon the concen- 5 2K\ 2/3
tration at high coverages, as predicted by @q), and use it - = < — ﬂ) + Ks exp(B)( < ) asac + 0(8) (17)
for data processing. 8 3 kel oo

An essential point in the theory is to consider the coun- This result is useful in the form (invoking the notation of Eq.
terion binding[8,12]. We accept the vieyl2] that the free (9)):
counterions at the sub-surface (they are in the volume phase)
rest in equilibrium with counterions attached to the charged 1 — x+ Paa+ O(8), or T
heads of the surfactant ions(Bwhich reside on the inter- ¢ '

face: =roo{1 1 +0{ ! ]} (18)

I'sNa X+ Paat (aay)®

-S +Nat =2 -SNa;, K¢= ——— (13)

Fs-acsub wherey andP are constant numerical coefficients. E48)
For the sake of definiteness, the counterions are designatediefines the asymptotic dependence of the adsorption upon the
as Nd&; I'sna and I's- in Eq. (13) are the adsorptions of  concentrations of surfactant and salt at high surface coverage
the respective specids; is the equilibrium constant for the  (i.e., close to the CMC). The latter region corresponds to high
adsorption of counterions, aagsypis the counterion activity ~ concentration of surfactant (large values of the prodagt
in the sub-surface layese sub= ac €xppo). In addition,lI's = Discarding the term®[1/(a&)?] in the right-hand side of Eq.
I'sna+ I's-from the material balance of the surfactant. Let (18), we are left with a rational function which represents the
us denote the “degree of surface dissociation”opywith asymptote up to the tern®{1/(aa)?] inclusive. Note that Eq.
o = I's-/Ts. Then, from Eq(13) we have (18) can be cast into a form of a series expansion in powers

1 of 1/(a&):

*“= 1+ K X 1 1
+ Kcac explgo) Is= Ty { _ +— X . { 3] } (19)
The value ofy is expected to be small, less than 0.10, as stated Paar — P*(aar) (aar)

in Ref.[12], or 0.15-0.20 according to R¢1.5], soitseems  |ntegration of Eq(10) in the case wheis is given by Eq.

reasonable to approximate EG4) asKcac exp@o) = L. (19) provides an asymptotic formula for the concentration
The electrostatic double layer theory gives a relation be- gependence of the interfacial tensien at highaa:
tween the surface charge and the surface potential (see e.g.

5/3

2/3
exp(—p6) = Ks( 2K ) (16)

kel oo

We expand the left-hand side of H46) for small values of
the parametes=1— 0, i.e., at high surface coverage:

(14)

Eq. (4.15) in Ref[8]). In our notation, this relation reads: o = const — kTT {In(aat)
4/ac . ) 2/ac ) 1 X { 1 ] }
=~° R P O = + - +0 20
als Ll h< 5 > < Pl (15) Paa  2P2(aar)? (@a? (20)

In the right-hand side of Eq15) we replace the hyperbolic  Eq.(20) contains an unknown integration constant.

sine with exponent because the surface potential is usually Fits of data forl"s for particular systems demonstrate that
large in the presence of adsorbed ionic surfactant, especiallyEq. (18) is very well satisfied (see below). Such fits give the
at high concentrations. Evidence for this comes from zeta- opportunity to determine the limiting adsorption at full cover-
potential measurements on air/walte?] and oil/water{16] age of the interfacd; . Therefore, one acquires information
interfaces. In the former casg ~ 150 mV[12]; in the latter about the structure of the adsorption layer, and the fraction
casg¢| ~ 240 mV[16] (for SDS without added salt). Avalue of the interface that is covered by surfactant at any value of
of |Wo|>60.4mV corresponds t¢g>2.34, which ensures  I's. As an alternative, one can use also E2f) and fito;

that the approximation in Eq15) has an error of less than  I'« will stand as one of the adjustable parameters. Our ex-
10%. In the presence of inert electrolyte the magnitude of perience shows that with E¢R0O) the correlation coefficient
the {-potential decreasd47], but this may be attributed to  is appreciably lower than that whéfy is fitted with Eq.(18)
shrinking of the ionic atmosphere and concomitant decrease(this largely depends on the quality of the experimental data).
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In the present work we will not discuss the values of the oil that was free of substances decreasing its interfacial ten-
constantsy andP obtained from the fits because () the ac- sion against water with more than 0.2 dyn/cm for 30 min. It
curacy in determination of is low (x enters the third term  is worth mentioning that the interfacial tension of the used

in the expansion of s versus 1/4&) — Eq.(19)); (Il) Pin- SBO had increased with more than 7 dyn/cm after the pu-
cludes several physical parameters of the adsorption layerrification. The value of the interfacial tension of therified
which cannot be separated by a single fifTtf SBO was 30.5% 0.5dyn/cm, which is close to that of other

pure food-grade oils{31 dyn/cm[24]).
3. Experimental 3.2. Methods

Different authors have determined surféte4,7,18-20] 3.2.1. Measurement of surface tension
and interfacial[7,21] tension isotherms of SDS using dif- The air—water surface tensiafyy, of the used aqueous
ferent oils, varying the salt content and temperature. There solutions was measured by the Wilhelmy plate method. The
are some data indicating different adsorption at water/air measurements were performed by means of a digital ten-
and water/oil interface§r]. The adsorption could change siometer Kiiss K10ST (Kiilss GmbH, Hamburg, Germany)
substantially from interface to interface, that is why it is at 23.3+ 0.3°C, using a sand-blasted glass plate or a plat-
not recommended to transfer directly information about the inum plate. Before each measurement, the used plate was
physical properties of the layers from air/water to oil/water cleaned by immersion in sulfo-chromic acid, followed by
surfaces. abundant rinsing with deionized water. The platinum plate

We measured the water/air and water/odhgxadecane  was additionally heated to red color in a flame.
and Soybean QOil) interfacial tensions of SDS solutions con-  All surfactant solutions were prepared 1-2 days before the
taining 10 mM NaCl and 150 mM NacCl. Our aim was to ob- measurement. Sodium dodecyl sulfate is known to hydrolyze
tain theequilibrium isotherm®of SDS,o(c), and use these to dodecyl alcohol (dodecanol) in wa{ér25-28] The pres-
data for determination of the adsorbed amouiiat,by means ence of dodecanol is known to affect significantly both the
of thermodynamic relations. Information about the adsorp- dynamic and equilibrium surface tension of the solutions
tion, I's, and the factors affecting it, is very useful for emulsi- [20,27,28] That is why we took special care to remove the
fication, since the emulsion stability is basically determined dodecanol possibly present in these solutions: The solutions
by the degree of coverage of the interfaces by surfactantwere poured in the measuring vessel through several clean

[22]. plastic pipettes. Application of several plastic pipettes was
adopted after the “two-tips” procedure suggested by Denkov
3.1. Materials et al.[29]. This procedure prevents the direct transfer of the

surface, and the dodecanol adsorbed on it, from the origi-

We measured the surface tension of aqueous solutions ofhal solution to the solution used for the measurements. Since
the ionic surfactant sodium dodecyl sulfate (SDS, product of dodecanol is very surface active, it can be removed either
Acros, USA). The surfactant was used as received (specialby surface aspiration, as done by Lunkenheif2ei, or by
measures to avoid the influence of impurities are describeda prevention of the surface transfer, as done by the pipettes
below). All solutions were prepared with deionized water procedure. It is worth mentioning that we did not apply any
from a Milli-Q purification system (Millipore, USA). Addi-  recrystallization of the used surfactant sample, since it turned
tionally, the prepared aqueous solutions contained inorganicout that the dodecanol in the purchased surfactant was in very
electrolyte sodium chloride (NaCl) with concentration 0.01 low concentration, impossible to be decreased further by re-
or 0.15M. The used NaCl (product of Merck, Germany) was crystallization. Moreover, we performed all measurements in
preliminarily roasted at 500C for 3 h to remove any organic  presence of at least 0.01 M NaCl in the surfactant solutions
contaminations. and, as shown by Kralchevsky et 0], this substantially

As oil phase we used hexadecane (C16) and soya beardiminishes the adsorption of the possibly present dodecanol.
oil (SBO). Hexadecane was purchased from Merck, Ger- Furthermore, the obtained results and trends fully comply
many, and was purified by applying 2—3 consecutive passeswith the results obtained with best purified samples published
through a column filled with Silica gel (Merck, Germany) in the literature (see below).
and activated magnesium silicate (FloffsiBigma-Aldrich, The kinetics of the surface tension relaxation for all solu-
Germany) adsorbent. The interfacial tension of purified hex- tions was followed during at least 20 min. The signal of the
adecane against pure water was 54@5 dyn/cm, a value  tensiometer was recorded and stored on a PC. The equilib-
which is close to the one determined by Goebel and Lunken- rium value ofoayw was determined from the intercept of the
heimer[23]. SBO is a commercial product for food applica- plotoaw versus~Y2[31]. Since all measured solutions con-
tion. SBO was purified by passing through a column filled tained at least 0.01 M NaCl, it is reasonable to assume that
with adsorbents bentonite (Teokom, Bulgaria) and activated the barrier to surfactant adsorption is suppressed, and to use
magnesium silicate (Flori§i, Sigma-Aldrich, Germany).Up  the asymptote for diffusion-controlled adsorptien- t=1/2
to three consecutive passages were applied in order to obtairj31,32]
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3.2.2. Measurement of interfacial tension

® C16/water, 0.01M NaCl
The interfac!al tension of the studied splutions was mea- 50 {g : ; gég //watter, %1051“:4 l\rl\la(gl H
sured by applying the drop shape analysis to pendant drops. c [ o SBO /x:t: 0.15M N:C|
The measurements were performed at 23B5°C on a S 401* ee o
Drop Shape Analysis System DSA 10 (s GmbH, Ham- N . ®oe,
burg, Germany). Both pendant oil drops in water solutions S 10 ’0, '..
and pendant water drops in the oil phase were formed and 2 L e ’8 .o.
used for the measurements. No detectable differences were = 0o & ®e o 00, o o
found between the values of the interfacial tension for these § [ e @@’0~ o e,
two configurations. % of % o>, o,
Pendant drop of one of the phases was formed on the tip = ; @@© ©
of a metal capillary immersed in the second phase, e.g., oil o F L L L
drop in water solution, or aqueous drop in the oil phase. The 10° 104 10° 102

outer phase was loaded in a glass cell with plane-parallel
optical front and back windows. Purity of the used oil phases
was checked before each measurement by determination Of:ig. 2. Interfacial tension isotherms of SDS at hexadecane (C16)/water and
the interfacial tension against pure water upon drop surfacesoybean oil (SBO)/water interfaces in the presence of 0.01 and 0.15 M NaCl.
expansion and/or compression: constant surface tension after
compression indicated that the oil was surface chemically tained by Tajimg3] for the surface tensiomsaw, of SDS
pure. solutions containing 0.01 M NaCl are also displayed. The
As for the surface tension measurements, the kinetics of experimental values of Tajima coincide fairly well with our
the interfacial tension relaxation was followed during at least measurements. No minimum is observed in the CMC region,
20 min. The equilibrium value afow was determined from  which is an evidence for a satisfactory surfactant purity.
the intercept of the platow versus—Y2[31]. The density of The obtained interfacial tension isotherms of SDS on wa-
the used oil phases, which was necessary for the interfacialter/hexadecane and water/SBO boundaries in the presence of
tension determination, was measured by means of a density.01 and 0.15M NacCl are shown kig. 2 Both the surface
meter DMA48 (Paar Scientific, UK). (Fig. 1) and the interfacialKig. 2) tensions of the solutions
are lower in the presence of higher electrolyte concentration,
as has to be expect§gl,33] The effect is due mainly to the

SDS concentration, M

4. Experimental results and discussion electric double layer (the existence of electrostatic contribu-
tion to the surface pressure). The critical micellization con-

4.1. Surface (air/water) and interfacial (oil/water) centration, CMC, decreases upon addition of more salt: from

tension isotherms CMC =5mM SDS in thepresence of 10 mM NaCl (without

oil) to 1 mM SDS with 150 mM NacCl (without oil) +ig. 1
The measured surface tension isotherms of SDS in theNote that the CMC is 8.+ 0.1 mM SDS without inert elec-

presence of two different NaCl concentrations, 0.01 and trolyte[7,33]. The same trend in the CMC is observed for the
0.15 M, are shown ifffig. 1 For comparison, the values ob- Systems with C16 and SB&ig. 2).

4.2. Data treatment

0l © 8% o, : - ,
£ o o o The isotherms irFigs. 1 and 2were processed to give
< °© o SN the surfactant adsorptiofns. For that purpose, EgéL0) and
? 60 T o %0 T (11) were applied (cf. the procedure described in Section
s o ° ® 2.1). One has a choice to use the polynomial, Bd.), up
§ 50 4 % <>Q 1 to the second or the third power of &&). In general, this
E o depends on the quality of the available datadoAs a rule,
£ % Nad for very good data the full form of the function, E(L1),
5 40 1 © 0.01MNaCl ° o T . . . .
) & 0.01MNaCl - Tajima ° 00 |n_clud|ng the th_wd-powe_rt_erm, shoul(_j be preferred, and gives
O 0.15MNaCl o oo higher correlation coefficient of the fit. On the other hand, if
30 = = = t there is appreciable scattering of the experimental points, or
10° 10 10 10* if they are few, truncated polynomial up to the second power
SDS concentration, M of In(a&) is a better option. Our isotherms frdfigs. 1 and 2

. - . _ were fitted with the full Eq(11).
Fig. 1. Surface tensionisotherms of SDS in the presence of NaCl at different E | fth fits for t isoth f .
concentrations: 0.01 M (empty diamonds), and 0.15 M (empty circles). For xamples of these ts for two 1sotherms, one ol surtace

comparison, data of Tajimg8] in the presence of 0.01M NaCl are also  t€Nsion anq one of interf_aCial tens-io-n, are showifrig 3, .
plotted (full diamonds). together with the determined coefficients in the polynomial
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of o, each with different amount of salt, converge together
when plotted as functions af , thus simplifying the effect

of the added salt (the surfactant is salted-out to the interface
[13]). The authors of Refd9,13] did not discuss in detail
the adsorption]"s. At the same time, it has been mentioned
that some precise details of the adsorption process remain
unaccounted for in the scaté [34].

From ourFig. 4it is evident that the complete absence of
inert electrolyte in the solution of SDS leads to lower val-
ues of I's, compared to the systems with salt at the same
c¢'. The curves for air/water, C6/water and C17/water bound-
aries without salt lie below those for the respective systems
containing NaCl. So, the mere presence of inorganic salt (at
levels above 10 mM) is likely to promote the adsorption of
Fig. 3. Interfacial tension isotherms of SDS at air/water (empty circles) SDS. Perhaps, the reason for this effect is connected with

and hexadecane (C16)/water (full diamonds) interfaces in the presence ofenhanced electrostatic screening in the double layer and de-

Interfacial tension, o, dyn/cm

-14 -13 12 11 -10 9
In( a.a,, M)

0.15M NaCl. The solid lines are best fit curves, according to(Et). The creased repulsion between the surfactant ions.

respective best fit equations read: air/water, 0.15M NaCl (dashed line): Remarkable is the fact that the adsorptidnh, is lower

0 =0.0553(Inéa))? + 1.0150(In@a))” — 7.0346(Inba)) — 76.0594; on oil/water interfaces (for C6, C16, C17, and even lower for
r2=0.9997. Cl6/water, 0.15M NaCl (solid line):

- 3 5 _ SBO), than on water/air boundarfFi¢. 4). This result can

fz;%%‘;oglz(.lnaa» +0-7174(nka))” - 6.9933(nka)) — 89 1414 only be rationalized if one pays attention to the fact that the
lateral interactions between the adsorbed molecules take part

equation. It is worth underlining that the correlation coef- Ingoverningl’s, together with the standard free energy of ad-
ficient of the fits,r2, is better than 0.999. The calculated SOTPtion (the latter is dominated by the hydrocarbon tails). In-
adsorption, I's (according to Eq.(10)), is presented in deeq,the ad;orption free energy of the tails is slightly higher
Fig. 4 The latter figure includes all systems investigated O Oil/water interfacef35], which would favor larger values
by us Figs. 1 and ®, as well as results from processing ©f I's- Explanation of the observed peculiarity of lowes
of isotherms taken from the literatufé,20,21] There are ~ ©On oil/water boundary may be sought in lateral interactions

several interesting observations regarding the daign4. between the heads, influenced by out-of-plane fluctuations.
If the system contains inorganic salt, the adsorption of On Oil/ water interface, since the hydrocarbon tails of the
surfactant]"s, depends only on the mean ionic activity= surfactant ions are pulled more strongly into the oil, the fluc-

/aa;, and the salt concentration per se is unimportant. Note tuations of protrusion will be suppressed and consequently,
that the curveg s(c") for 0.01 and 0.15 M NaCl coincide in the lateral electrostatic repulsion between the charged heads
the cases of air/water and SBO/water interfaces, and lie veryWill be stronger. Thus, the surfactant chemical potential will
close in the case of C16/water interfagéy, 4). Fainerman  'ise and the adsorption will eventually be lower.

et al.[9,13] paid attention to the fact that several isotherms Nex‘g, we determined the limiting quorption at maximum
saturation of the interface$,~,, applying the asymptote at

high concentrations, E¢L8). Data forI"s (those fronFig. 4)

oo © ' were fitted with the rational function= A(1 — 1/(B + Cx),

o 2571 ©° e ¢ wherey stands forl's, x denotes the produ@a, andA,
5_ ¢ ’_ B, C are the constants (see H48)). Since Eq.(18) is an
20T ,:A we " '@ asymptote, the experimental points selected for the fit are
: 54 ©® O A, 0.15M NaCl those with the highest values a& from the data sefig. 5
g o 2::: ot act presents the respective plot, in which the theoretical curve
g 1ot : glg 0.15M ::g: (the rational function, E18)) passes through several points
2 m Ci7.Ref 7 with the largesta; (smallest 1/4&)), and deviates from the

031 A CBRe2 experimental data at lowae; such a behavior is normal for

0.0 Lj : : ; o S80.0.01MNaGl an asymptote. Note that the dependencE g¥ersus 1/ga)

0000 0002 0004 0006 0008 0010 in Fig. 5is non-linear, because the function (ELB)) contains
e*=(@.a)"* M terms~1/(a&)?, cf. EQ.(19).

The extrapolation to 1&g)— 0, I's— 'y, Was per-
Fig. 4. Determined adsorption/’s, at different interfacial boundaries: formed as indicated in the sample graph showrriig. 5.

air/water, hexadecane (C16)/water, heptadecane (C17)/water (data from Ref.—rhe fits are a|Ways gOOd in the concentration interval just
[7]), hexane (C6)/water (data from R§21]), and soybean oil (SBO)/water

in the presence of different amounts of NaCl. Data of ReHigldHines[20], k?e'OW the_ _CMC (the inset ifrig. 5 dlsplays_ the correla-
and Motomura et a[21] were obtained in absence of additional inorganic ~ tion coefficient, 0.99991, for the 7 points fitted). The ob-
electrolyte. tained values of ", are listed inTable 1 The comparison of
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Table 1

Determined adsorption at maximum saturation of the interfeige, the corresponding area per moleclg, = (I'«o) 1, and the surface coverage at the CMC,

Gcmczrscmc/roo

System IMs (104 cm2) A (A2) Beme
Air/water 0.15M NaCl, 23C 3.142 31.92 0.89
Air/water 0.01 M NaCl, 23C 3.142 31.82 0.87
Air/water, no salt, 25C, Ref.[20] 2.871 34.84 0.86
Cl6/water 0.15M NaCl, 23C 2.656 37.65 0.91
C16/water 0.01 M NaCl, 23C 2.647 37.78 0.91
C17/water no salt, 25C, Ref.[7] 2.437 41.04 0.84
Cé6/water no salt, 30C, Ref.[21] 2.424 41.26 0.80
SBO/water 0.01 and 0.15M NaCl, 2@ 2.298 4351 0.72 (0.01 M NaCl); 0.75 (0.15 M NaCl)
different systems reveals that the trends already mentioned 1.0 T t f f f t
for I's apply to I', as well: addition of salt increasds,, a0 3_08 ¢
(in a threshold manner from 0 to 0.01 M NaCl); on oil/water 08 T ﬁ&_r;&- Ll T+
interfaces " is lower than on air/water surface (in addition, s ®®
there is no difference between hexane and heptadecane); the & o6 | @° o Ar 018N NaG)
. . (7] ir, 0. al
lowest limiting adsorption belongs to SBO. § O Air 0.01M NaCl
Once we knowl", the degree of surface coverage can 8 oal T ARt eci T
. . . , 0. a
easily be foundd =TI'¢/I" .. Table 1displays the values of g o ® C16 0.01M NaCl
at the CMC of the studied systems. Impressive is the factthat  ® 02 " ® : 8; 7:RRfef-2¥
H H . . T X ef. -
no value is higher than 0.91; for hydrocarbon/water interface A @ SBO,0.15M NaCl
without saltd.mc<0.85. These findings indicate absence of A ® SBO, 0.01M NaCl
. . 0.0 t t t + T T
saturation of the surface layer up to the CMC, in full agree- 0000 0002 0004 0006 0008 0010 0012

ment with the results reported by Thomas and co-workers
[5,6].

c*=(a.a)’®, M

In Fig. §We plot the Surface_ coverage, evaluated at Fig. 6. Surface coverage as a functioncdt= (aa)Y/2 for different water
concentrations below the CMC, in the scale versus the meaninterfaces.

ionic activity,c" = (aa)Y/2. All data lie very close to a “mas-

3.0e+14 ter curve” for the particular ionic surfactant, SDS, with the
28e+14 7 points: R = 0.99991 exception of the soybean oil. Therefore, (1) the dependence
. 26e+14 6(c") is rather insensitive to the type of the hydrophobic phase
E 24e+14 (air/water, hydrocarbon/water); only major changes in the
£ 22e+14 composition of the oil can affe@, such is the case of SBO
| 20e+14 (a commercial product which is basically a mixture of fatty
0t | ’ T eeria acid glycerides); (11p(c") is not significantly influenced by
% ‘ 0 20rd dord Bordl Bord 1e+5 addition of inorganic electrolyte.
:"- 25 1 1haa), M2+
o
* 5. Concluding remarks
‘;, 20+ T+
'% In this work we formulate a simple thermodynamic pro-
2 151 1 cedure for determination of the adsorption of ionic surfactant
< ~oe (I's) from the interfacial tension isotherm, measured in the
0 ; = ; ; \‘V;\\\ presence of arbitrary (and fixed) concentration of inorganic

0 1e+5 2e+5 3et5  4etb S5e+5 6e+5

_ ) (c*, M)’ = 1/(a.a,), M?
v TI's determined from data of Hines for ¢

———- interpolated I'g from Hines' data

electrolyte. Polynomial fit of the interfacial tensien versus

the logarithm of the surfactant concentration has been used
in the literature. We modify it and fi¢ versus the logarithm

of the squared mean ionic activity (that &), which pro-

— fitaccording to eq 18 cedure is based on the Gibbs adsorption equation written in

a form suitable for arbitrary content of salt.

Fig. 5. Determination of the limiting adsorption of fully saturated layer,
I'«, from the data of Hinef20] for SDS on air/water interface, applying
the asymptotic relation at high concentrations, B@). The inset shows

We have performed measurements with sodium dodecyl
sulfate (SDS) on air/water and oil/water boundaries, at dif-

in a |arger scale the region of h|m’ and the fit drawn through seven fereﬂt Salt COﬂCGntrathﬂS. The ObtaIHEd ISOtheI’mS, together
experimental points. with literature data, are processed and the adsorption is
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determined. The results are compared and discussed in viewcarefully selected experimental data. On the other hand, of-
of the role of the salt and the type of the hydrophobic phase. ten a single curver(c), measured at one concentration of
On oil/water boundaries the adsorption is always lower than electrolyte, is only available. Then, the ion-binding model is
that on air/water surface. To suggest a qualitative explana-not likely to work well, in the sense that the results will be
tion, we hypothesize that since the hydrocarbon tails of the ambiguous even if the fitis good. It will then be more instruc-
surfactant ions are pulled more strongly into the oil, the fluc- tive to apply the simpler approaches described in the present
tuations of protrusion may be suppressed and consequentlypaper, namely: (I) to take a purely thermodynamic relation,
the lateral electrostatic repulsion between the charged head€q. (10), and determine the adsorptidr, from the fit ofo
will be stronger (a factor that obstructs the adsorption). Addi- with Eq.(11), without invoking any model; and (ll) to apply
tion of inert electrolyte increases the adsorption of surfactant the asymptote at high coverage, E¢i8) and (19)and find
in the scalel's(c”) only in a threshold manner, from 0 to  a single parameter; ., which is useful because it provides
0.01 M NacCl. Higher amounts of salt do not affdcs if ¢ information about the degree of surface coverage.
is the same, which simplifies the influence of the electrolyte.
In particular, one can foresee resultséaand /s in a certain
range of salt concentrations without carrying out measure- References
ments.
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