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SURFACTANT ADSORPTION PARAMETERS DETERMINED
FROM SURFACE TENSION DATA AS MEASURED BY DROP
AND BUBBLE PROFILE ANALYSIS TENSIOMETRY

Abstract: Drop and bubble profile analysis tensiometry is the most frequently used methodology for studies of
surfactant adsorption at liquid interfaces. However, there is depletion of surfactant molecules caused by adsorption
when drop profile analysis tensiometry is applied for surface tension measurements at low surfactant bulk
concentration. This depletion can lead to wrong characteristic adsorption parameters when not quantitatively
corrected in the data analysis. We show for the two surfactants CTAB and Tween 20, that particularly the values for
the adsorption activity coefficient and the molar area of adsorbed molecules are largely overestimated when using
drop profile analysis data. It is shown that bubble profile analysis data provide correct values of the adsorption
characteristics. The data analysis presented here is based on the Frumkin adsorption model.

Keywords: Adsorption of surfactant, bubble and drop profile analysis tensiometry, depletion effects due to
adsorption, Frumkin adsorption model.

1. Introduction

Surface active molecules — surfactants — are omnipresent in our daily life and applied in many
modern technologies. The optimum use of surfactants requires good knowledge of their surface
properties. The surface tension isotherms measured for aqueous solutions of surfactants as a function of
bulk concentration give access to the most important fundamental information about the properties of the
surfactant adsorption layers, such as surface activity, molar arca at the surface and critical micelle
concentration ['].

Among the various surface tension methods, the bubble and drop profile analysis tensiometry is the
most frequently used one to day. The pioneer for this methodology was A.-W. Neumannwho published a
number of fundamental papers about this method which he called ADSA (Axisymmetric Drop Shape
Analysis) [1,2,3,4] Recently, the state of the art of this methodology was described with details referring
to the Profile Analysis Tensiometer PAT1 (SINTERFACE Technologies, Berlin, Germany) ['].

It was discussed in [Oumbka! 3axmaaka He onpeaenena.]| that in studies with protein solutionsa
depletion happens due to the adsorption of part of the protein molecules at the drop surface. In contrast,
when using an air bubble immersed in the protein solution, the depletion due to protein adsorption at the
bubble surface is negligible. From the difference between the obtained data the adsorbed amount of
protein can be estimated ['].

The mentioned depletion effects in protein adsorption experiments appear as the used bulk
concentrations are very low. However, also studies of solutions of strongly surface-active moleculescan
be affected by this phenomenon. Thus, it is important to know from what surface activity and surfactant
bulk concentration on the mentioned depletion effects become important and have to be quantitatively
considered.

In a recent work, we presented experimental data for the surface tension isotherms of three different
surfactants: sodium dodecyl sulphate (SDS), hexadecyl trimethyl ammonium bromide (CTAB) and the
non-ionic surfactant Polyoxyethylene(20)sorbitanmonolaurate (Tween20) [1]. In this work a protocol was
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proposed thattakes into account the mass balance of the amount of surfactant adsorbed at the drop surface
and remaining in the drop bulk. It is the purpose of this short communication to show how the erroneous
use of surface tension isotherm data can lead to large errors in the determination of characteristic
adsorption data for the studied surfactants.

2. Adsorption model for describing the experimental isotherm data

The Frumkin adsorption model is one of the most frequently used one for many surfactant systems
although it had been proposed already almost 100 years ago [1]. The equation of state for this model reads

_H“;O = In(1-6)+ a6® (1)

while the adsorption isotherm has the form

be =
1

99 exp(— 2a 9) 2

Here@=T"w is the surface coverage, ['is the adsorption, @is the molar area, I1 = y — s the surface

pressure withj, and jbeing the surface tension of the solvent and solution, respectively, ais the interaction
parameter, Ris the gas law constant, 7is the temperature, and bis the adsorption activity coefficient. In [8]
it was assumed that the intrinsic compressibility coefficient edepends on the surface coverage, however,
for the discussion here, we will assume that this coefficient is negligible in order to simplify the
discussion of the adsorption parameters.

To quantify the depletion effects appearing during the adsorption of surfactants at the surface of a
single drop, we have to make a quantitatively mass balance. In [Quinbka! 3akaagka ne onpeaenena.| it
was shown that the final concentration inside a drop is given by

c=c,—(4/V)r 3)
While ¢, is the initial surfactant concentration in the drop having the volume V and the surface arca
A. Introducing this final bulk concentration ¢ into the adsorption isotherm given by Eq. (2) we obtain:

A 0
b[c0 = FJ —2 exp( 2a6’) 4)

The set of Egs. (1) and (2) can be used for the analysis of data obtained from experiments without any
depletion effects, as it is the case for bubble profile analysis tensiometry. In contrast, using isotherm data
measured with drop profile analysis tensiometry, a depletion appears and Eqs. (1) and (4) have to be used
to correct the evident loss of molecules in the drop volume caused by adsorption at the drop surface.

The question we want to answer here is now, what happens when we apply the original Frumkin
model, as given by Eqgs. (1) and (2), to data measured by drop profile analysis without considering
depletion effects. Note, this was the well accepted procedure done before we discussed the depletion
effects due to adsorption.

The amount of lost surfactant molecules due to adsorption can be estimated by Eq. (3) and is mainly
given by the ratio of drop area over drop volume A/V. In routine experiments, the drop surface area is
about 0.35 cm? while the volume is about 0.02 cm?, so that the ratio is A/V=17.5 cm™, i.e. A/V » 1 cm.
For bubbles of the same size like the drop, immersed into a surfactant solution of say 20 cm® volume, the
ratio is A/V=0.0175 cm™, i.e. three orders of magnitude less. Note, for smaller drops the ration A/V is
even larger, which is less favourable and the loss of surfactant determined via Eq. (3).

3. Materials and experimental methods

The experimental data we want to reinterpret here were obtained in [Ommoka! 3aknaagxa ne
onpenenena.|by using the drop and bubble profile analysis tensiometer PAT-1 (SINTERFACE
Technologies, Germany) [1]. The surfactants studiedin [OQunbka! 3aknagka He onpegesena.| were SDS,
decanol, CTAB and Tween20.As the data obtained for SDS did not show any measurable depletion
effects, and for decanol only very little effects, we will not discuss them here. Note, for all surfactants
having a surface activity less than that of decanol or SDS any depletion effects can be neglected. We do
not want to present an extensive discussion on how the surface activity of a surfactant is defined, but we
just use the value of the adsorption activity coefficient b in Eq. (2) as a useful parameter. The larger the
value of b is, the higher is the surface activity of the corresponding surfactant.

4. Results and Discussion
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The experimental results presented in Figs. 1 and 2 are replotted from [8]. There are two sets of data
in the given isotherms, one measured with drop profile (black squares) and one measured with bubble
profile analysis tensiometry (red circles). As expected for the two rather strong surface-active surfactants,
the data points obtained from bubble experiments are further left at lower concentrations than those
measured with single drops. This was expected because to reach the same surface tension with a single
drop, we need a higher initial bulk concentration. During the experiment, the concentration inside the
single drops decreases due to the loss of surfactant molecules adsorbed at the drop surface.

Following the target of this work, the experimental data were fitted by the Frumkin adsorption model
given by Egs. (1) and (2). As mentioned already further above, we used the Frumkin adsorption model in
its classical form as derived in [Oumoka! 3aknaaxa e onpeaenena.] and did not add the dependence of
the molar area of adsorbed surfactant molecules as function of the surface coverage 6, as it was made in
[Oumobka! 3aknagka He ompeaeneHa.|, i.c. assuming a so-called intrinsic compressibility coefficient
which allows a qualitatively better reflection of the experimental findings by the model. In the data
analysis performed here, we also did not consider the obviously happening depletion due to adsorption.
This “wrong” approach on purpose was made in order to demonstrate the impact of depletion effects on
the adsorption parameter values. The results of fitting are summarized in Table 1.

Tablel - Model parameters used for fitting of experimental data
by the classical Frumkin adsorption model given by Egs. (1) and (2)

Surfactant Experimental o, b, a Line in the
mode 10% m*/mol m*/mol figure
CTAB, Fig. 1
Drop 2.36 40 0.95 dashed line
Bubble 2.1 14.7 1.8 solid line
Tween 20 Fig. 2
Drop 227 300 0.7 dashed line
Bubble 1.6 170 0.6 solid line

As we can see, in particular the value of the adsorption activity coefficient obtained for the drop data
as much larger than that for the bubble data. For CTAB this value for the coefficient b is almost three
times larger, which means the isotherm is shifted to larger concentrations by a factor of almost 3, a shift of
half an order of magnitude. The molar areca obtained from the drop data is also larger (by more than 10%)
as compared to the bubble data. This would mean that the molecules require more area at the interface, or
in other words are less close packed, as we would conclude from the data obtained from bubble
experiments.

For the second surfactant discussed here, the non-ionic surfactant Tween 20, the situation is quite
similar. The surface activity coefficient is decreased by a factor of about 2 (larger value of b for the drop
data), while the arca per adsorbed molecule is larger by even 30%. These changes can be evaluated as
dramatic and reflect a strongly different adsorption behaviour.
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Figure 1 - Equilibrium surface tension isotherm for aqueous solutions of CTAB plotted as a function of the initial solution
concentration, as measured by bubble profile (@) and drop profile analysis tensiometry (W); lines represent the results of fitting
the adsorption model to the experimental data
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Figure 2 - Equilibrium surface tension isotherm for aqueous solutions of Tween 20 plotted as a function of the initial solution
concentration, as measured by bubble profile (@) and drop profile analysis tensiometry (W); lines represent the results of fitting
the adsorption model to the experimental data

Let us somehow generalize the findings so that we can apply them to other surfactant systems. It was
shown that for the given experimental conditions the ratio of A/V for drops (17.5 cm™) is much larger
than 1 cm™, while it is much smaller than 1 cm™ for bubble data. Assuming that typical values of the

adsorbed amount I are between 10 'mol/cm? and 10°mol/cm?, we obtain for the second term (A/ V)F on

the right-hand side of Eq. (3) values of roughly 10" to 10°mol/cm?, i.c. 10™* to 10”mol/m®. This is
exactly the concentration range in which the two studied surfactants adsorb (see Figs. 1 and 2). Their
surface activity, expressed by the adsorption activity coefficient b, let us expect this. We know that at a
bulk concentration of cx1/b the surface layer is covered by approximately 50%, i.e. the parameter 1/b
refers to a concentration which tells us where we must expect serious depletion effects. For all
concentrations below 1/b, these depletion effects must be essential. For CTAB this means for
concentrations below about 10"'mol/m?® and for Tween 20 below 10 mol/m® the depletion effects are
remarkable. Comparing this finding with experiments for the various surfactants studied and applied in
surface science and technology (cf. the isotherms given in [Ouwnbka! 3axkaagka He onpeaesena.| for
many surfactants), we can conclude that for example for Triton X100 or the oxyethylated alcohols like
C12EOs or C14EQOs the depletion effects are substantial, while for SDS and shorter chain alkyl sulphates,
DeTAB (decyl trimethyl ammonium bromide) or C;oEOgthe depletion effects are negligible and errors
will not appear when drop profile data are analysed and interpreted with the classical version of the
Frumkin or any other adsorption model.

Finally, we should compare the parameter values in Table 1 with those published in [Quuubka!
3aknagka He ompeaesena.| using a more refined adsorption model. The absolute values deviate from
those presented in the table. This is clear as the parameters are not completely independent of each other.
During the fitting process, any change in one parameter value causes changes in the optimum values of
any other parameter. This is particularly true for the technical surfactant Tween 20, which is obviously a
large mixture of many surface-active compounds. Thus, only the complete set of parameter values
describes the adsorption behaviour of a surfactant sufficiently well. Note, however, the parameter values
given in Table 1 are based on fitting drop and bubble data by exactly the same adsorption model and all
discussed differences originate from the depletion effects, which were neglected on purpose when fitting
the drop data (although these effects are essential).

5. Conclusions

As discussed recently in [8], a specialcorrection and fitting algorithm has to be applied to determine
the characteristic adsorption parameters from experimental data obtained from drop profile analysis
tensiometry. This algorithm is based on the balance between the surfactant mass in the drop bulk and the
amount adsorbed at the drop surface. Exact knowledge about the surface areca and volume of the drop is
required for these corrections as shown above When ignoring the mentioned effects, the error made by
this erroneous procedure is significant and can lead to wrong conclusions.
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Similar mistakes are sometimes made in studies on emulsions. When supporting emulsion properties,
often interfacial tension studies are performed in order to determine the number of surfactants adsorbed at
drop surfaces. In the case, however, when the emulsion drops are rather small (much smaller than the
drops used in tensiometry so that the ratio A/V becomes even much larger than here), the amount of
adsorbed surfactant is enormous and data measured at macroscopic interfaces are not relevant. As shown
here, errors in the determined coefficient b used to estimate the order of magnitude for the required
concentration ¢>1/b for covering the emulsion drop surfaces sufficiently by surfactant molecules, can lead
to wrong values, too loweven by several orders of magnitude.

It could be recommended to use only bubble profile tensiometry in order to avoid errors in the
determination of adsorption characteristics for surfactants. Experimentalists know, however, that
experiments with single drops are much easier performed than with bubbles immersed in a solution
container. In addition, some specific samples can be provided only in extremely small quantities so that
drop profile analysis with single drops (typically with volumes of 20 ul) is the method of choice while for
bubble experiments a much larger amount of solution (typically 10-25 ml) would be required required.
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TAMIIBLIAP MEH KOIIPIIIKTEP CYJBACBIH TAJIJAY APKBLJIbI BETTIK KEPLIYAI OJILIEY
I9AICIMEH BETTIK-AKTUBTI 3ATTAPJbIH A1ICOPBIIUAJBIK HAPAMETPJEPIH AHBIKTAY

AnHoTtammsi: TaMIIbIIap MEH KOMIPINIKTEp CYI0AChIH Tannay TEH3MOMETPHICHI OCTTIK-aKTHBTI 3aTTapAbIH
CYHBIK OeTTepaAcri aacopOmMACHIH 3CPTTCYAC KMl KOMTAHBUIAABL Amaima, Oy omicTi OCTTIK-aKTHBTI 3aTTApIbIH
(BA3) TeMCH KOHICHTPAIMACHIHAA KOATaHy BA3-1apabiH KereMACTi MeNMICPiHiH a3ar0bIHA amapaabl. by e3repic
OCTTIK-aKTHUBTI 3aTTAPABIH AACOPOLMATIBIK TMAPAMCTPICPIH AHBIKTAY OAPBICHIHAA AYBITKYJap OCpyi MYMKiH, COJI
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ccOCIITI aNbIHFAH CAHABIK HOTIDKCICPIC TY3CTHCICP CHTi3y KakeT. OChIFaH opall ancopOUHsIBbIK OCICCHIITI MCH
MOJIBIIK ayaaHsl >korapel 0osraH CTAB »xome Tween 20 cmakrtsl eki BA3 yimiH aacopOUMSUIIBIK MOTIMETTED
Ocpinren. Kemipomikrep cyn0achH Tanmay apKbUIbl ABIHFAH MOJTIMETTCP aACOPOLHSHBI IYPHIC CHNATTAHTHIHIBIFBI
kepcerinreH. Tangay OpyMKUHHIH aJCOPOHI MOJCIIIH/E KACAIFAH.

Tipek ce3mep: berTik-akTHBTI 3aTTapAblH amCOPOIMSCH], TAMINBLIAD MCH KOMIPIIIKTEDP CYIOACBIH Tanaay
TECH3HOMETPHCHL, a1COPOIH OAPHICHIHAA 3aT MOJIICPiHIH a3at0bl, PYMKHUHHIH aJCOPOIHS MOIEI.
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AJACOPBIHUOHHBIE TAPAMETPBI TAB (IIOBEPXHOCTHO-AKTHBHOI'O BEILIECTBA),
YCTAHOBJ EHHBIE HBMEPEHUEM JAHHBIX MOBEPXHOCTHOI'O HATA’KEHUA
METOJAOM AHAJIM3A ITPOPNJIA KAIIEJBb U ITY3bIPBKOB

AnHoTanmust. TeH3HOMeTpHs aHaIM3a MPOQUIT KalleIb U My 3bIPhKOB ABILIETCS HANOO0IIEE YaCTO HUCTIONb3Y EMOH
METOIUKOH JJIS UCCIACAOBAHMS aCOPOIMH MOBEPXHOCTHO-AKTHBHOTO BEIECTBA HA YKHIKUX MEK(AZHBIX TPAHUIIAX.
OnxHAaKo, MPOUCXOJUT YMEHBIICHUE MOBEPXHOCTHO-AKTUBHBIX MOJCKYJ B OOBEMHOW KOHIEHTPALUH B CBSI3H C HX
ancopOnMEeH TpPH WCTOIB30BAHWM TEH3MOMETPHYCCKOTO METOJA AaHAIW3a, NPUMCHACMOTO IIPH H3MCPCHHUH
MOBEPXHOCTHOTO HATsoKECHHS [TAB mpm ManbIX KOHIEHTPAOWSIX. JTO YMEHBIICHHEC B 00BEME MOXKET IMPHBECTH K
HETPABIJIBHBIM XAPAKTCPHCTHKAM TAPAMETPOB AACOPOLMH, €CIH HE BBECTH KOJMYCCTBCHHBIC IIOTPABKH IIPH
aHamm3e JAHHBIX. [IpencTaBneHBl JAHHBIC M1 JBYX IOBEPXHOCTHO-akTHBHBIX BemiecTB: CTAB m Tween 20, B
YACTHOCTH, U1 KOTOPHIX 3HAYUTEIHHO 3aBBIIICHBI JaHHBIC KO3((duimeHTa ancopOUMOHHON AKTHBHOCTH H
MOJUIPHOH IUIOMIAAX aacOpOMPOBAHHBIX MOJICKYJ NPH AHANW3C AAHHBIX mpoduis kammm. [1oka3aHo, YTO JTaHHbIC
aHamm3a Npo(WIT IMy3BIPHKOB MPEACTABILIIOT IPABIIIBHBIC 3HAUCHMS AJCOPONMOHHBIX XapaKTCPHCTHK. AHANH3
JAHHBIX OCHOBAH HA MOJEJH aacopOnuu OpyMKHHA.

Kmouennbie caoBa: Ancopbums ITAB, tenzmomerpusa aHamu3a mpo(misl Kameib W Iy3bIPHKOB, 3((exTt
00CTHCHHUS PAaCcTBOPA MPH AACOPOLHH, MOICHTb ancopOmn OpyMKHHA.
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