6398 J. Phys. Chem. @008,112,6398—6403

Examination of Surface Adsorption of Soluble Surfactants by Surface Potential
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Surface potentialAV) of the air/surfactant-solution interface was measured by using an ioffzkg electrode

method at 298.2 K, where the effect of the head groups\Wnwas also examined. Hexadecyltrimethyl-
ammonium bromide (CTAB) and its homologous head group tetramethylammonium bromide (TAB) were
used for examination of a cationic surfactant, sodium dodecyl sulfate (SDS), sodium methylsulfate (CH
SONa), and sodium hydrogensulfate (NaH$@@r an anionic surfactant, and octaethylene glycol mono-n-
tetradecyl ether (C14E8) and octaethylene glycol (E8) for a nonionic surfactant. For the cationic and nonionic
systems, the surface potential of the homologous solutions gradually changed with concentration, whereas
that of the corresponding surfactant solutions steeply increased up to 420 mV for CTAB at a concentration
far below the critical micelle concentration (CMC), CMC/9, and up to 480 mV for C14E8 at CMC/18. For
the anionic system, the surface potential traced a more complex variation with concentration. The above
results indicate that the molecular arrangement of CTAB and C14E8 near the interfacial region becomes
established at a concentration far below the CMC. The molecular dipole moment at the surface, derived from
the surface potential, was also discussed. Change of surface tension with concentration was discussed with
change in the surface potential and with preceding observations depending upon the concentrations. Finally,
the Brewster angle microscopy (BAM) images of the surfactant solutions below and above the CMC and that
of pure water are quite the same in darkness, which strongly indicates no adsorption of the surfactants at the
air/solution interface contrary to an insoluble monolayer at the interface. This fact is substantiated by the
distinct change of the BAM images in darkness for a small change in refractive index increment of the substrate.

1. Introduction fluorescence spectra from SDS solution strongly suggested the

] ] ) ) _ presence of organized SDS molecules in the surface région.
According to the conventional Gibbs adsorption model, which * The surface tension of an aqueous solution of a simple salt

is & common assumption about the molecular concentration atjike NaCl increases with increasing the salt concentration due
surfaces, the adsorbed film of soluble amphiphiles is located atiq the negative adsorption according to the Gibbs adsorption
the air/solution interface just like an insoluble monolayer, which equation” On the other hand, the surface tension of a surfactant
is illustrated in many textbooks on “Colloid and Interface sojution like sodium dodecyl sulfate (SDS) decreases with an
Science™ However, recently, one of the authors has questioned increase in the concentration due to the positive adsorption up
the conventional concept of the above adsorbed film on the basistg the critical micelle concentration (CMC) and then stays almost
of the water evaporation rate data from aqueous surfactantconstant above it. The point here is that the surface excess
solutions? Since then, additional experimental evidence that remains almost constant over the concentration range from about
differentiates an insoluble monomolecular film at the air/water half CMC to CMC for almost all surfactants that are able to
interface from a surface excess of soluble amphiphile solution form micelles, although the surface tension steadily decreases
has been presented. These observations suggest that the surfaggth increasing concentration up to the CMC.
excess does not locate at the air/solution interface but at a certain  The surface potential results from an unequal shift of electric
distance below the interface as a bilayer aggregaense-  charges in the surface region above the bulk region where the
quently, a new concept for the surface excess has been presentedlectroneutrality is held. This potential results from the different
This new concept is supported by Brewster angle microscopy distributions of positive and negative electric charges in the air/
(BAM) images? surface tension,evaporation rates from a  solution interfacial region above the bulk. The value of the
liquid mixture and surface potentiafsFurthermore, pyrene  surface potential has a high possibility of yielding a measure
of the spacial distribution of ionic charges about this air/solution
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cally different head groups, as a function of their concentration, 600 77—
with change in surface tension with concentration, and with the : a CTABE
BAM images. The results were compared with that of SDS from S00 ¢ > eescecccecy
a previous study.The newer ideas for the surface adsorption swofec®®®®** E

are shown to be confirmed again, which is quite different from o o '

the conventional Gibbs surface excess model at the air/solution Z 300 »:ZZ % e I
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2. Experimental Methods 100 | o - 0—
I CTAB Conc./mmol dm™ ]
2.1. Materials. CTAB from Tokyo Chemical Industry Co., 0faaananasassssnananaad
Ltd was purified by repeated recrystallizations from acetone. : ae TAB ]
TAB (>99%) and NaHSQof specially prepared reagent grade 100 S '0';‘ — ; —— '1';' -

from nacalai tesque (Japan) were used without further purifica-
tion. CHs$SOyNa of analytical reagent grade from Tokyo ) i ) )
Chemical Industry, Co., Ltd was used after drying at 333.2 K Figure 1. Change of the surface potentilV) with concentration of

f . o CTAB and TAB at 298.2 K, where the insert is the potential change
for 48 h. The purity was confirmed by elemental analysis: C ¢ "o expanded dilute CTAB region.
8.98 (8.96), H 2.23 (2.26), where the values in parentheses (in

%) are_the calculated ones. Sodium dodecyl sulfatg (S_DS) from 5 4. Brewster Angle Microscopy.A Brewster angle micro-
nacalai tesque was purified by repeateo! recrystallizations from scope, KSV Optrel BAM 300 (KSV, Finland), was used for
aqueous solution and by ethgr extraction. The. observed anOImicroscopic observation of the surface. It is equipped with a
calculated value_s (numb_ers n parentheses in %) for _the 20 mW laser emitting p-polarized light of 632.8 nm wavelength,
elemental almaIyS|s were in satisfactory agreement_ _by V"e'ghtwhich is not reflected off from the atrwater interface at ca.
percentag.e._ C 49.88 (49.98), H 8'69 (8.74). In addltl_on, there 53.1° (Brewster angle). The lateral resolution of the microscope
was no minimum along surface tension vs concentration curve was 2um. The images were digitized and processed to obtain

up to twice CMC. The surface tension at 8.0 mmoldrjust the best : : .
quality of BAM pictures. Each image corresponds to
1
below the CMC was 39.& 0.1 mN n1t at 298.2 K. C14E8 the area of 40Qum x 300 xm, but a part of the image is

- . 0 ) : _
W!tn apL;rltyhof mortlafltha.n ggg) from lelgo chemur:]als was use?] presented. The data shown here are representative of three
without further purification, because the gas chromatograph, experiments at least. It took less than 30 min to take a stable

attached for purity certification, showed only one sharp peak. BAM image. All measurements were performed at 298.2 K.
The purity was further checked by an elemental analysis: C

63.60 (63.42), H 10.95 (11.01). E8 from Fluka (oligomer purity
>95%) was used without further purification. Water used here

was triply distilled (surface tension of 71.9 mN~fand 3.1. Surface Potential of Surfactant SolutionsFigure 1
resistivity of 18 M2 cm at 298.2 K). The high purity of CTAB,  shows the net surface potential changes of CTAB and TAB as
SDS, and C14E8 was also confirmed by surface tension a function of concentration, where the term “net” means that a
measurements. correction for the distance between the electrode and the surface
2.2. Surface Potential MeasurementSurface potential was  due to the volume change of the solution is madieis quite
measured at 298.2 K by using an ionizif}Am electrode surprising that the surface potential for TAB remains constant
positioned at a certain level above the air/solution interface, at 0 mV over the whole concentration range examined from 0
while a reference electrode was immersed in the identical up to 2 mmol dm?, which means that the electroneutrality is
solution of 50 mL. The standard deviation for the potential maintained up to just the air/solution interface or that there is
values was ca. 5 mV. The surface potential was standardizedno specific concentration of tetramethylammonium cation or
to be zero for just the air/water interfagé\n aliquot of the bromide anion in the surface region. On the other hand, the
concentrated solution for the three kinds of surfactants and thesurface potential of CTAB solution steeply increased from 0
four chemicals representing their corresponding hydrophilic head up to 420 mV within quite a narrow concentration range from
groups was added stepwise into 50 mL of water to increase0 to 0.1 mmol dm3, CMC/9 of CTAB, and then remained
their overall concentration, where each addition of the mother almost constant up to the CMC, 0.92 mmol that 298.2 K
solution was made once the potential became stable. The surfaceletermined by surface tensiéhThe large positive potential
potential value depends on a distance between the ionizingvalue results from a larger excess concentration of the cationic
electrode surface and the air/liquid interface, and therefore, thegroup over the bromide ion just at the surface region, which
calibration for the potential was made first for the distance by results from the long hydrophobic alkyl-chain attached to the
changing the total volume of water after fixing the electrode cationic head. In other words, the average center of the positive
position® It took about 10 h for one run, 5 h below the CMC  charges is located closer to the surface than the center of the
and another 5 h above the CMC. The points in the figures are negative charges. It is quite surprising that such high surface
an average of the potential values of 26 runs. For SDS, the  potential in the surface region becomes established at such a
results were those reported from the previous paper. dilute surfactant concentration far below the CMC and that the
2.3. Surface Tension Measuremeni he surface tensiory} concentration of ammonium cation is brought about by the
of the surfactant solutions was determined at 298.2 K by using hexadecyl chain. In addition, the potential suddenly jumped up
a drop volume tensiometer (DVS-2000, YTS, Japan). This by ca. 30 mV at the CMC with further increase in the
tensiometer measures the volume of a drop detaching from aconcentration. This increase can be elucidated by disappearance
capillary with known diameter. The temperature was kept of the bimolecular layer formed below the air/solution interface
constant within+0.03 K by means of a thermostét.The due to molecular transfer from the bilayer to stable micelles in
experimental error for estimating the surface tension #@95 the bulk25% In other words, the molecular aggregates below
mN mL, the air/solution interface must depress the surface potential due

Concentration / mmol dm™

3. Results and Discussion
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Figure 2. Change in the surface potenti&{\{) with concentration of Concentration / mmol dm™

SDS, CHSQiNa, and NaHS@at 298.2 K. Figure 3. Change of the surface potentid\{) with concentration of

to concentration of counterions in the surface region of the C14E8 and E8 at 298.2 K, where the insert shows the potential change
bimolecular layer by electrostatic attraction of the bimolecular for the expanded concentration range (0—1 mmolgm

aggregates of large opposite charge. When the aggregates start

to disappear due to transfer of cationic surfactant molecules fromsolution. The subsequent increase-#80 mV between 0.1 and
the aggregates to stable micelles in the bulk above the CMC,2 mmol dnm® and the following increase to 0 mV over the
the surface potential for CTAB must increase. This positive jump concentration range from 2 mmol dto the CMC, 8.2 mmol
was truly observed as was expected. The form of this bimo- dm™2 at 298.2 K;? were brought about by the increased
lecular |ayer or molecular aggregate, whose size and Shape aré)opulation of Né driven by the electrostatic interaction with
uncertain, is ill-defined but the bilayer is the most promising the negatively charged head groups of the bimolecular layer of
description according to a previous stiidyudging from the ~ DS™.° The following steep decrease in potential down-82
linear decrease in surface tension up to the CMC (see the sectiorV from the CMC to 10 mmol di® can be rationalized from

for surface tension), the rearrangement among water and cTABRthe destruction or disappearance of the bimolecular layer beneath
molecules is taking place in the bulk region where electroneu- the air/solution interface due to transfer of D&nion from the
trality is held, leading to a decrease in surface tension due to Pilayer to stable micelles in the butkWith a further increase
decreasing total attractive interaction among these molecules.in concentration, the potential stayed almost constant&a

This is the reason why the surface tension decreases withMV up to a concentration of 20 mmol drh The potential value

surfactant concentration, the surface potential being kept i Very close to the one at 0.01 mmol dfjust after the initial
constant. steep decrease 80 mV), which means that the surface is nearly

Figure 2 illustrates the changes of the surface potential with the same at 0.01 mmol drhand at the concentrations above
concentration of NaHS© CH;SO;Na, and SDS, where the the CMC. This similarity was attained after the decomposition
potential change for SDS is from the previous publicafidmo of the aggregates beneath the air/solution interface.
analogous chemicals were used to model the corresponding head The change in the surface potential for SDS is much more
group to gain further experimental confidence. An important complicated than and quite different from that for CTAB. This
result is the fact that the potential change for SDS could be is because the head groufB8O,Na of SDS has a pretty large
traced irrespective of the starting concentration, which means positive potential, while the head groaN(CHs)3Br of CTAB
that the potential is the equilibrium one and that the decomposi- has no contribution to surface potential. In other words, the
tion of SDS and the subsequent adsorption of dodecanol arechange in surface potential for CTAB reflects the change in

unnecessary to consider hérghe surface potential for GH concentration of the surfactant cation, CTAnN the surface
SOyNa rapidly increased from 0 up to 27 mV within a quite region with the concentration.
narrow concentration range from 0 to 1 mmol dhand then Figure 3 illustrates the surface potential against concentration

gradually increased up to 40 mV with increasing concentration for C14E8 and E8. For the E8 solution, the surface potential
up to 20 mmol dm3. A similar change was also observed for steadily but quite slowly increased from 0 to 40 mV with
NaHSQ,. This sharp positive change in such a narrow concen- increasing concentration up to 0.03 mmol dimThe ES8
tration range is quite different from that of TAB, which results molecule is electrically neutral but forms a structure with the
from an increased concentration of Neations in the region ~ water molecules due to hydrogen bonding. This results in a
just near the interface rather than §€3@0,~. The increase can  positive surface potential mainly with the oxygen atoms of the
be explained as follows: an air/water interface is negatively water molecules sitting with the dipole orientated from the bulk
charged, and therefore, N&ations concentrate at the surface to the surface at such dilute E8 solution. In addition, such
more than anions. This change is different from that of NaCl, structure gradually increases in magnitude with E8 concentra-
too, which showed the highest potential value of 20 mV at 20 tion. This is opposite to an air bubble in water that is negatively
mmol dn135 charged due to oxygen atoms of the water molecules located at
The surface potential of SDS steeply decreased from 0 downthe air/water interface. On the other hand, the surface potential
to —80 mV within a very narrow concentration range from 0 of C14E8 showed a rapid increase from 0 up to 480 mV within
to 0.01 mmol dm? contrary to the positive increase for GH quite a narrow concentration range from 0 to 0.001 mmot4m
SOuNa, which clearly indicates the preferential adsorption of CMC/18 for C14E8, and then remained nearly constant up to
DS~ at the interface resulting in a higher concentration of DS 0.03 mmol dnt® without any jump at the CMC, 1.& 1072
anion than N& cation due to the hydrophobic dodecyl-chain mmol dn12 at 298.2 K3 It is quite interesting, in this case too,
analogous to the concentration of hydrophobic CTién. Here, that the surface potential rapidly increased within a very narrow
the Na ion is completely dissociated from DSnd stays far concentration range and stayed constant at ca. 500 mV over a
away from the concentrated DRJIue to the extremely dilute  wide concentration range above CMC/18. Indeed, it is quite
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Figure 4. Plots of surface tension against logarithm of concentration
for CTAB, SDS, and C14ES8, where a, b, and c are the concentration

ranges over a constant slope for the plots. Figure 5. Schematic illustration of domains for surface tension and

surface potential.

hard to understand the reason behind such a high surface
potential, but this fact clearly indicates a certain molecular
arrangement in the surface region and its stability irrespective
of an increase in C14E8 concentration in the bulk up to the
concentration far above the CMC. Namely, the amount of
surface adsorption just at the air/solution interface remains
constant over the wide concentration range. Contrary to the two
previous cases, there exists no change in the surface potential
at the CMC for this nonionic surfactant. No change suggests
that the bilayer aggregates with no charge disappear without
any relation to the surface potential.

3.2. Surface Dipole Moment Analysis.From the surface
potential values, a molecular dipole moment perpendicular to ; ;
the surface (u) of the surfactant can be evaluated by the A B S
following procedure. The surface charge density ¢an be Logarithm of concentration
calculated by using eq

Surface tension

‘a,b,c!
| ——>!

Figure 6. Schematic illustration of surface tension against concentra-

okT P tion; A, B, andC are characteristic concentrations for each surfactant
AV="—In—— Q) (A is the concentration for maximum adsorption of surfactant just at
€ 2eenkT the air/solution interfaceB is the maximum surfactant concentration

in the bulk at some distance below the surface, @nd the CMC).
wherek is the Boltzmann constant, the absolute temperature,
e an elementary charge, the dielectric constant of a vacuum,
€ the specific dielectric constant, amg the concentration of
the electrolyte, and the ionic surfactants are assumed to be
completely dissociated. From the molecular surface ahea (
elo), the dipole moment can be obtained by the following
relationship**

+ and— charges becomes 0.17 nm for CTAB, 13 nm for SDS,
and 0.42 (0.2 nAtA) to 2.1 nm (1.0 ni#A) for C14ES8
depending upon the molecular surface akp Such a small
distance for CTAB is consistent with a surface potential of O
for TAB. On the other hand, the longer distance for SDS
suggests that the affinity of DSon for the interface is stronger
than that for the N&a ion. The distance 13 nm is plausible,
U= AVee A (2) judging from the fact that an average distance between two ions
at the concentration of 0.25 mmol dris 14.9 nm for the +1
A concentration specific to each surfactant is the one at which electrolyte. From the values above, a surface region above the
a stable and constant surface potential is reached (see Figurebulk of electroneutrality was found to depend very strongly upon
1, 2, and 3): 0.10 mmol dn¥ for CTAB, 0.25 mmol dm? for the type of chemical species in the bulk.
SDS, and 0.0010 mmol dré for C14E8, where the concentra- 3.3. Surface Tension of Surfactant SolutionsThe change
tion at the first minimum surface potential was selected for SDS in surface tension with concentration for the three kinds of
due to the absence of the constancy. The above three concentrasurfactants was measured to examine whether any relationship
tions are indicated by the arrows in Figure 4 for the surface between surface potential and surface tension exits or not. The
tension of the surfactant solutions. These concentrations are faresults are shown in Figure 4. The CMC value was found to be
less than the corresponding CMC, and in addition, the surface 0.92 mmol dm?3 for CTAB, 8.2 mmol dnr3 for SDS, and 1.8
tension at these concentrations is close to that of water as isx 1072 mmol dnT3 for C14E8 at 298.2 K. The CMC values
mentioned below. In other words, ionic concentrations in the are very close to the reference oAé$he concentration region
surface region are significantly different from those in the bulk, which gives a linear relationship between surface tension and
whereas the steric structure of water molecules in the bulk logarithm of concentration is shown by a, b, and ¢ for CTAB,
remains almost the same at such dilute concentration. TheSDS, and C14ES8, respectively. These concentration ranges are
molecular dipole moment thus obtained at the above specific those for saturation of surface adsorption according to the
concentration becomes 7.8 Debye (D) for CTAB and.3 x conventional Gibbs surface excess. These ranges (a, b, and c)
1@ D for SDS. As for C14ES8, the dipole moment is evaluated are also illustrated in Figures 1, 2, and 3, respectively. Now, it
by eq 2 as a function of the molecular surface af9aljecause becomes quite clear that surface potential becomes definite far
the surfactant is nonionic. From the dipole, the distance betweenbelow the concentration for the surface saturation above. In other
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Figure 7. BAM images of CTAB (a), SDS (b), and C14ES8 (c) solutions at 0.8 CMC and 1.2 CMC at 298.2 K. (d and e) BAM images respectively
for just water and an insoluble monolayer of dipalmitoylphosphatidylcholine (DPPC) at a surface pressure of I3 aNOm5 mol dm? NaCl
solution.

words, the decrease in surface tension does not correlate with 3.4. BAM Observation. Finally, a mention is made of the
true surface adsorption just at the air/solution interface. That BAM images for the three kinds of surfactant solutions whose
is, the surface tension is determined not by adsorption of the concentrations are 0.8 CMC (below the CMC) and 1.2 CMC
surfactant molecules at the air/solution interface but mainly by (above the CMC) (Figure 7). As is clear from the images, there
a steric molecular arrangement formed by water and surfactantis no difference among the above six solutions and, in addition,
molecules in many multimolecular layers extending into the bulk the images are identical with that of pure water. This means
of electroneutrality (Figure 5). In other words, a decrease in that the effective refractive index of the surface of all the
surface tension results from destruction of this three-dimensional surfactant solutions is the same and equal to that of water and
network of water molecules by surfactant molecules over that the surface property also remains the same above the CMC.
multimolecular layers near the surface region in the bulk. All This observation is contrary to that of an insoluble monolayer
the while, the adsorbed amount at the air/water interface for of DPPC just above the transition pressure whose BAM image
the surface potential remains constant. The above results forindicates the presence of organized molecular arrangement at
the surface potential cannot be elucidated by the conventionalthe air/water interfacélf the soluble surfactant molecules truly
Gibbs surface excess of a soluble surfactant. locate just at the air/solution interface as the conventional model
Summarizing the above experimental evidence together with suggests, the refractive index of the surface region must be
the preceding observatiofs® a change of surface tension with  different from that of water. To justify our new adsorption model
logarithm of concentration for soluble surfactant can be as a bilayer aggregate below the interface, BAM images of a
schematically illustrated as the one in Figure 6. The concentra- water—ethylene glycol mixture were taken (Figure 8). The
tion region up to the concentratigis the range for adsorption  gradual changes in brightness or darkness of the BAM images
of surfactant molecules just at the air/solution interface, where for the solution surface as a function of the ethylene glycol
the adsorption increases with the concentration. At the concen-concentration are shown together with the change in refractive
tration A, a surface potential becomes definite and the surface index of the mixture and in the ethylene glycol concentration
adsorption is saturated. The above statement is substantiatedip to 36% in volume. Quite clear differences in the image
by the arrows in Figure 4. The concentration range betweeen darkness or brightness can be observed between water and the
andB is the one for growth of certain aggregates in the bulk at ethylene glycol solution (a and ¢ in Figure 8), although the
some distance apart below the interfAcathere A is the change in refractive index between them is only 1.3%. In other
concentration for a commencement of the aggregate8aad  words, the theory for the Brewster angle is truly valid. This
the one for completion, and the aggregates destruct the moleculaexperimental observation that there is no difference in the
structure in a bulk much more than the adsorbed surfactants atdarkness in the BAM images between pure water and surfactant
the surface, resulting in a decrease of the surface tension. Abovesolutions at concentrations of 0.8 and 1.2 CMC (Figure 7) clearly
B, the surface tension decreases with increasing concentratiorindicates that the soluble surfactants are not concentrated just
due to the above destruction by further increase in surfactantat the air/solution interface like the conventional adsorbed
molecules, while the conventional surface excess remains almosimodel. This observation also strongly suggests that the adsorbed
constant because of the presence of large aggregates beneafiim of soluble surfactant molecules is quite different from an
the interface. AboveC, new aggregates called “micelle” start insoluble molecule at the air/water interface, although many
to form in a bulk and the molecules in the surface aggregatestextbooks schematically show an idealized molecular arrange-
are transferred to the micelles, because the micelles arement at the air/water interface for both adsorbed film and
energetically more stable. This transfer can be seen in a shargnsoluble monolayer. It is worth mentioning that some nonionic
and reasonable change in surface potential at the CMC. Hencegsoluble surfactants present clear BAM images at very dilute
the surface potential stays constant above the CMC as is clearconcentrationg:!®
from the results in Figures 1 and 2. For consistency with the In the previous studie,® it was found highly possible for
above, the bilayer or large aggregates must locate in theionic surfactants to form a bimolecular layer just like a cell-
electroneutral bulk in Figure 5. membrane at a certain distance below the air/solution interface,
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4. Conclusions

Surface potentialAV) of the air/surfactartsolution interface
was measured by using an ionizi#f§Am electrode method at
298.2 K, where three types of surfactants, hexadecyltrimethyl-
ammonium bromide (CTAB), sodium dodecyl sulfate (SDS),
and octaethylene glycol monotetradecyl ether (C14ES8), and
the compounds corresponding to hydrophilic head groups were
used. Dependence of surface tension on concentration was well
related with the surface potential changed with concentration.
The BAM images were taken to further examine the surface
properties. All the observed results are consistent with a newer
concept of surface excess that surfactant molecules are con-
centrated not at the air/solution interface (the conventional
surface excess) but at some distance below the interface as
molecular aggregates like bilayer aggregates. The three kinds
of observations (the surface potential, the surface tension, and
the BAM images) and their concentration changes are very inter-
related.
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