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Abstract

Static and dynamic contact angles of aqueous solutions of three surfactants—anionic sodium dodecyl sulfate (SDS), cationic dode
cyltrimethylammonium bromide (DTAB), and nonionic pentaethylene glycol monododecy! ethgE{/=—were measured in the pre- and
micellar concentration ranges on polymer surfaces of different surface free energy. The influence of the degree of substrate hydrophobicity
concentration of the solution, and ionic/nonionic character of surfactant on the drop spreading was investigated. Evaporation losses due t
relatively low humidity during measurements were taken into account as well. It was shown that, in contrast to the highly hydrophobic
surfaces, contact angles for ionic surfactant solutions on the moderately hydrophobic surfaces strongly depend on time. As far as the nor
ionic surfactant is considered, it spreads well over all the hydrophobic polymer surfaces used. Moreover, the results obtained indicate tha
spreading (if it occurs) in the long-time regime is controlled not only by the diffusive transport of surfactant to the expanding liquid—vapor
interface. Obviously, another process involving adsorption at the expanding solid—liquid interface (near the three-phase contact line), whict
goes more slowly than diffusion, has to be active.
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1. Introduction of relatively dilute aqueous surfactant solutions on polymer
surfaces.

Interest in dynamic wetting processes has immensely in-  The objective of this paper is to present some new results
creased during the past 10 years [1-8]. In many industrial on surfactant solution dynamic behavior observed while
and medical applications, some strategies to control dropmeasuring the contact angles at different surfactant con-
spreading on solid surfaces are being developed. One poscentrations both well below and close to the critical mi-
sibility is that a surfactant is added to a liquid [3,8,9]. celle concentration (cmc) on different well-prepared and

On the other hand, there are very few systematic investi- -characterized polymer surfaces. Some problems associated
gations of quantitative relations between the chemical struc- with dynamic contact angle measurements such as evapora-
ture of surfactants and the spreading behavior of their aque-tion and depletion effects will be also discussed.
ous solutions on solid polymer surfaces with different sur-
face energies. Moreover, the main part of them is concerned
with highly concentrated surfactant solutions (far above the 2. Materials and methods
corresponding critical micelle concentrations) [5,10-12]. At
the same time, in spite of their practical importance, there 2 1. gyrfactants
is a lack of literature data about the spreading dynamics

The surfactants used in this study were anionic sodium
* Corresponding author. dodepyl sulfate (SDS), cat_ion.ic dodecyltrimethylammonium
E-mail address: vici@ipfdd.de (V. Dutschk). bromide (DTAB), and nonionic pentaethylene glycol mono-
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Table 1

Characteristics of surfactants and their aqueous solutions used in the present study

Surfactant Molar mass [gol) cmc (g/) Surface tension at cmc (mfxh)
Reference Measured Reference Measured

SDS 288.4 2[12] 24 36.5[12] 383+1

DTAB 308.4 45[13] 438 no data found 3B+1

Ci2Es 406.6 0026 [1] 0031 31.0 [1] 30+1

Table 2

Degree of hydrophobicity, film thickness, and surface roughness of polymer samples

Polymer Water contact angle)( Film thickness (nm) Roughness, RMS (nm)

Advancing Receding (scan area: 20 pr20 pm)

Teflon AF 119+1 118+1 40 <2

Parafilm 10A2 106+ 2 - 42-51

PP 94 97+4 20-25 <2

PVF 78+2 67+4 - 120-160

PET 77+2 70+4 - 6-8

dodecyl ether (&Es), all with the same alkyl chain length.  Teflon AF and PP was determined by a Multiscope Optrel
All surfactants were of high purity grade=08%) from null-ellipsometer (Berlin, Germany) at an incidence angle
Fluka and were used without further purification. Aqueous of 70°.

solutions of these surfactants with desired concentrationsin  Advancing and receding contact angles of water drops of
the cmc range of 0.0625 to 2 cmc were prepared by dilution volume about 3 to 10 pl were measured by the sessile drop
from the corresponding stock solutions with reagent-grade method using a Kriiss DSA 10 drop shape analyzer (Ger-
water produced by a Milli-Q filtration system. The cmc val- many).

ues were estimated from surface tension isotherms which  The surface free energies of polymer substrates under in-
were measured by the pendant drop method. Table 1 presentgestigation,y sy, were calculated from the experimentally
relevant characteristics of the surfactants chosen for wettingdetermined advancing contact angles of water using the

measurements. equation of state for solid—liquid interfacial tension [14],
. N __ —0.000124Tyy—ysv)?
2.2. Preparation and characterization of cost = —1+ 2y ysv/nve S
polymer substrates wherey |y, is water surface tension. The surface free energy

values for Teflon AF, Parafilm, and polypropylene are 11.8,

The polymer substrates used in the present study were18.4, and 23.2 nydn?, respectively. The surface energy of
both polymer foils and spin-coated polymer films. Poly(vinyl PVF equals 36.2 mdn? and it is very close to that of PET
fluoride) (PVF) and polyethyleneterephthalate (PET) foils (36.7 mym?).
were obtained from Kalle (Wiesbaden, Germany) and Du  The roughness data and the film thickness, as well as the
Pont, respectively. Parafilm M (a paraffin wax surface) is water contact angles for all polymer samples, are summa-
a product of Pechiney Plastic Packaging (USA). The films rized in Table 2. The small value of the water contact angle
were prepared using solutions of polypropylene (PP) and hysteresis, €.9.04dvancing— receding, for spin-coated poly-
Teflon AF on precleaned silicon wafers using a spin coater mer films confirms their homogeneity.
(SCS, USA). A 6 wt% solution of Teflon AF 1601S (Du
Pont) in Fluorinert FC-75 (3M) was diluted with the same 2.3. Wetting measurements and data collection
solvent in a volume ratio of 1 to 5 to coat the silicon wafers,
which were hydrophobized in hexamethyldisilazane vapors  The wetting measurements were carried out with a Fi-
for 2 h before the coating. The obtained Teflon AF films broDAT 1100 dynamic contact angle tester (Fibro Systems
were dried at room temperature overnight under vacuum. Fi- AB, Sweden) equipped with a video camera which collects
nally, to remove residual solvent, the samples were annealedup to 50 images per second. The device has some advan-
at 7 = 165°C for 1 h. PP (BASF, Germany) was cast into tages over other contact angle measuring systems, which are

thin films from a hot 0.5 wt% xylene solutioff’(= 130°C) especially important for performing dynamic wetting mea-
on the preheated silicon wafers. After casting, the samplessurements with aqueous surfactant solutions: (i) adjustment
were annealed & = 50°C for 2 h under vacuum. of specified (small) drop volumes using a liquid delivery sys-

Sample surface topography was examined using a scantem; (ii) tuning of the deposition parameters, such as the
ning force microscope Nanoscope llla-D3100 (Digital In- distance between a drop and a solid surface, the time dif-
struments, USA) in noncontact mode. Film thickness of ference between drop formation on the syringe tip and drop
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deposition on the surface, and the intensity of a very short
stroke from an electromagnet to release the drop from the
tip; (iii) checking the surface tension of surfactant solutions 90

before wetting measurements. A detailed description of this 1116
equipment is provided by von Bahr et al. [5] and by Gerdes §, ol {114 E
and Strom [15]. % o averaged contact angle - 1.12§
Drops of water or aqueous surfactant solutions of volume g % averaged base radius |, &
about 3 ul were applied to the surface under investigationg 80} 1 108§

by a short stroke from an electromagnet. The strength of
the stroke was minimized to avoid oscillation effects on the

spreading process. The distance between a drop and a poly-
mer surface before its deposition was kept constant (0.6 mm)

throughout the series of measurements.

It seems worthwhile to point out that the spreading may
be affected by the time difference between drop formation Fig. 1. Averaged contact angle and base drop radius versus timg C
and its deposition. As was shown by Gerdes and Strom [15], concentratiorr = 31 mg/l (cmc) on highly hydrophobic Teflon AF surface.
the spreading behavior of nonionic surfactant solutions on

thiolate-modified gold surfaces depends strongly on the drop 120 3.0
lifetime. The drop that was deposited immediately after its ;5[ g A J29
formation shows a clear spreading delay. Drops with longer E 1l .. * drop base radius 1os
prespreading lifetimes, however, show no spreading delay. Ing ol O volume 27
1.08} & drop height 1=

this case, the initially measured contact angles were smaller.2

. . Q 2.6
In our experiments, drop was deposited on the surface afterg .04 =
it was being 15 s equilibrated on the syringe tip. 100k 28 §
After deposition, the drop shape was stabilized on the sur- 249

0.96

face after 40—-60 ms and reliable data were collected there- 23

after for at least 30 s.
Our measurements were carried out in the open air at™ o.ss}

relative humidity of 40t 2% and at room temperature of 0.84

24+ 1°C, which were kept constant. -3
All polymer surfaces were used for more than one experi-

ment. Between experiments, they were rinsed with Millipore Fig. 2. measured base radius, height, and volume ofE€drop on Teflon

water and pure grade ethanol. To ensure that the surface wagFr surface.

not contaminated, the water contact angles were measured

after the cleaning procedure. Before contact angle measure-

ments, the equilibrium surface tension of the used solutions Viations for GoEs solution at the cmc (31 md) on the

was checked using the pendant drop cell integrated into thehighly hydrophobic Teflon AF surface. As can be seen, the

device. drop base radius regularly increases and then stays nearly
The FibroDAT gives the drop base radius and the con- constant, whereas the contact angle does not reach its equi-

tact angle values from the drop profile. At least 10 sep- librium value.

arate measurements for each surfactant/polymer system at In a typical experiment (Fig. 2), the drop volume de-

each solution concentration were used in averaging the dy-creases linearly with time beginning at approximately 5 s.

namic contact angles as function of time. The relative error We proceed from the assumption that the drop volume losses

in the measured initial contact angles {at 60 ms) calcu- occur due to evaporation caused by relatively low humidity

lated as the standard deviation did not exceed 2%. The finalduring measurements. Therefore, the drop height decrease

(quasi-equilibrium) contact angles were reproducible within can be explained by simultaneous action of two different

1 to 3%. processes, evaporation and spreading. As a result of evap-

oration, the measured contact angles may be underestimated
(Fig. 3) depending on the radius of the liquid-solid interfa-

0.92 292

base radius and

421

1 1 1 1 1 1 1 1 1 1 2.0
0 3 6 9 12 15 18 21 24 27 30 33

3. Resultsand discussion cial area [16].

To estimate the “true” contact angle, we followed Starov’s
3.1. Dynamic and quasi-equilibrium contact angles: suggestion [17] to correct the measured contact angle by as-
evaporation and depletion effects suming volume constancy. In the small-volume limit, the

macroscopic shape of the drop is independent of gravity and
As an example, Fig. 1 demonstrates the averaged dynamion a flat surface represents a spherical cap. From simple
contact angle and drop base radius with their standard de-geometrical considerations [18], the base radigs, for a
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AV = Vo — V(1) i

—-

Table 3
Quasi-equilibrium contact angles for aqueouysEs solutions on Parafilm

Concentration (mg) Contact angle)
V=3l Vv=9ul
1.9375 103t1 103+2
) 3.875 102+2 99+ 2
Fig. 3. Schematic of a drop placed on a solid surfaegp is the measured 7.75 9241 90+ 1
contact angledcorr is the corrected contact angle is the initial volume, 155 7741 75+ 1
andV (¢) is the volume that is affected by evaporation. 31.0(cmo 5741 5541
46.5 52+1 5242

95

<& measured contact angle
O corrected contactangle for a drop with an initial bulk concentration, the following

p [§ — exponential decay approximation inequality has to be obeyed between the total amount of sur-
factant,V ¢, and the maximal adsorbed amounfs,at both

the Iv and sl interfaces [5],

o<}
(&
T

AnTiv + Al 51 K Ve,

where Ay, Ag, and V represent the equilibrium interfa-
cial areas and the volume of the drop, respectively. In our
case, the bulk depletion effect for §E5 may be manifested
for concentrations below2 x 10> M, which is of the
0 5 10 15 20 25 30 same order of magnitude as its cmc valed(x 107° M).
time, s Thus, this effect may result in overestimation of2Es so-

lutions’ quasi-equilibrium contact angles. In fact, for the
Ci2Es/Parafilm system, our examination shows that an in-
crease of the drop volume from 3 to 9 pl leads to the decrease
of quasi-equilibrium contact angle values by-2° (Ta-
ble 3). At the same time, the water contact angle for Parafilm

6V \ /3 1 does not change with increasing drop volume up to 9 pl.
r(t) = <_) (tan%(3+tan2 %))1/3’ (1) For ionic surfactants, the depletion effect does not take

. . ~ place because of their cmc values, which are thousandfold
whereV is the dI’Op VO|ume, which is assumed to remain h|gher than those for nonionic surfactants.

constant, and is the contact angle, which changes with

contact angle, deg
[e=]
o

Fig. 4. Measured and corrected contact angles fof#E€ drop on Teflon
AF surface.

small drop can be expressed as

T

time. Solving the transcendental Eq. (1) forwe obtain 3.2. Spreading behavior of ionic surfactant solutions
—44 %3
0(r) = 2arctar<W>, 2) Figures 5a and 5b show the curves of solution surface
tension and contact angles vs concentration for SDS and
where DTAB, respectively. Considering the aqueous anionic SDS
6V 6V \2 13 solutions, we conclude that their surface tension as well as
= (4—3 +4 4+ <—3) > the quasi-equilibrium contact angles for all surfaces studied
T T decrease approximately linearly with increasing surfactant
The corrected values of the contact angle were calculatedconcentration, similar to cationic DTAB solutions, and attain
from Eq. (2) using drop radius and the initial volunig more or less constant values at the critical micelle concen-
data taken from the experiment. All the curves obtained were tration, as is typical. It can also be seen that the higher the
then fitted by exponential decay functié) = 6, +ae"/? surface energy of polymer substrates, the lower the quasi-
to determine the quasi-equilibrium contact anggle which equilibrium contact angle. This observation agrees with the

no longer depends on time (Fig. 4). For each surfactant so-well-known results from the literature, for example cf. [19].
lution/polymer system, the quasi-equilibrium contact angle However, dynamic wetting behavior of surfactant solutions
was obtained as an averaged value from at least 10 experi-on solid surfaces, which are different in their chemical na-
mental radius vs time curves. ture, has been less investigated and, as consequence, it is
In addition to the evaporation effect mentioned above, it less understood.

should be pointed out that the depletion effect of drop bulk ~ For highly hydrophobic surfaces, Teflon AF, Parafilm,
concentration as a result of adsorption at both the liquid— and PP, the contact angles for DTAB and SDS solutions do
vapor (lv) and solid-liquid (sl) expanding interfaces could not change with time at any concentrations investigated. Our
be significant for small drops in the case of nonionic aque- findings agree with the results of Stoebe et al. [6] considering
ous solutions. In fact, to achieve maximum spreading radius the spreading of aqueous surfactant solutions. They reported
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Fig. 6. Dynamic contact angles for (a) SDS and (b) DTAB solutions within
the whole concentration region on highly hydrophobic PP surface.

Fig. 5. Relationship between the quasi-equilibrium contact angle as well
as the surface tensiomy,, and surfactant concentration for (a) SDS and
(b) DTAB for polymer surfaces with different surface energy.

.. L .. although their equilibrium surface tension does not signif-
that ionic surfactants such as cationic DTAB and anionic icantly alter within this concentration region (Fig. 8). The

SDS do not enhance the spreading of water drops, atleast ofye,iation of the contact angle from the surface tension curve
hydrophobic surfaces. The examples of the wetting behav-ig e significant for the more polar solid surfaces, PET and
ior of SDS and DTAB solutions on hydrophobic PP surface pyr than for highly hydrophobic Teflon AF and Parafilm.
are shown in Figs. 6a and 6b, respectively. At each concen-rhis can be explained by the different structure of the ad-
tration, the contact angle presented is the average obtainedyped surfactant layer near and above the cmc resulting
from analysis of at least 10 experimental curves, which were rom its rearrangement at> cmc.
corrected taking the evaporation effect into account. Similarly to the behavior observed for ionic surfactants,
In contrast to the hydrophobic surfaces, the contact anglespgnionic surfactant solutions under investigation spread well
for drops of both ionic surfactant solutions on the moder- 4y moderately hydrophobic surfaces. Surprisingly, a sim-
ately hydrophobic surfaces, PVF and PET, strongly dependijar pehavior was observed for;Es in the case of highly
on time. Figures 7a and 7b show the dynamic contact an-hydrophobic surfaces, but the effect is less pronounced. By
gles for ionic surfactant solutions on the PET surface. The way of example, Figs. 9a and 9b demonstrate the dynamic
best fitting for contact angle vs time experimental curves is cgontact angle for GEs on Parafilm and PET, respectively.
the exponential decay function, as mentioned above. The fit  For highly dilute surfactant solutions, the contact angle
curves with correlation coefficients0.9 are also plotted on g poth more hydrophobic and less hydrophobic surfaces

the figures. does not alter with time. This can be attributed to the ab-
_ _ o _ sence of adsorption at the solid-liquid interface as a result of
3.3. Spreading behavior of nonionic surfactant solutions the depletion effect mentioned above. Beginning with con-

centratiore = (1/4)cmc, our investigations indicate marked
In contrast to the both ionic surfactants, the contact angle dynamic behavior of &Es solutions on hydrophobic poly-
for C12Es5 solutions alter with concentration above the cmc, mer surfaces, practically independent of the surface energy.
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Fig. 7. Dynamic contact angles for (a) SDS and (b) DTAB solutions within - Fig. 9. Dynamic contact angles for6E5 solutions within the whole con-
the whole concentration region on moderately hydrophobic PET surface.  centration region (a) on highly hydrophobic Parafim surface and (b) on
moderately hydrophobic PET surface.

130

120 L T ERflonAR O T CE,s | Obviously, the adsorption mechanisms should be similar
=) c<cme rafilm ] : ) .
S qr0 [ A, :::::i\P/F ] for highly hydrophobic and moderately hydrophobic sur-
% 100 -5 -4 PET ] faces within concentration range up to the cmc. Hence, our
2 sl g % ] € results confirms the statement of Stoebe et al. [6] that non-
% 80 3. D Je E ionic surfactants exhibited rather universal spreading behav-
8 Oog R B 210 2 ior, which they termed “surfactant-enhanced spreading.”

eo [ Teo é In general, our results indicate that spreading of both

s0 [ 1s & ionic and nonionic surfactants, if it occurs, may be divided

ol 1w 8 into two regimes: the short time regime (fast spreading) and

| © . . . . .
ol 1 3 the'long tlm.e regime (slow spreadlng). In the fII’SF regime,
ol v ool v Ty until approximately 1 s, the base radius depends linearly on

0 5 10 15 20 25 30 35 40 45 50 55 60 65 time. In the second regime, from 1 s to the equilibrium state,
concentration, mg/l the radius values can be fitted by a power function. Exponent
Fig. 8. Relationship between the quasi-equilibrium contact angle and the values Of.thls power function ar_e Iower than 0.1 which dI_S-
surface tensiony |y, and surfactant concentration for4Es for polymer agrees with the concept of the diffusion-controlled spreading
surfaces with different surface energy. according to the idea of von Bahr and co-workers [5]. In their
work, a close to linear increase of the drop radius with the
square root of time was observed for nonionigEs and
The equipment used in this study did not allow measure- C10Eg on thiolate-modified gold surfaces with different hy-
ments of low contact angles, so only the first part of the drophobicity (water contact angle of 2& 108’). In another
spreading curve for PET and PVF at concentrations abovework [10], the authors explained this long-time regime in
the cmc was accessible for analysis. terms of the adsorption process from the bulk to the expand-



462 V. Dutschk et al. / Journal of Colloid and Interface Science 267 (2003) 456462

ing liquid—vapor interface and the associated surface tension Considering the spreading velocity, we emphasize rather

relaxation. unusual dynamic wetting behavior, which is shown in the
We emphasize that in our case the spreading process goebng-time regime. Such slow spreading process may be af-

more slowly than that observed by von Bahr and co-workers. fected by low surrounding humidity and explained as a trans-

So, we conclude that the spreading is controlled not only by fer of surfactant molecules on the bare hydrophobic surfaces

the diffusive transport of surfactant to the expanding liquid— in front of the moving liquid on the three-phase contact line

vapor interface. Obviously, another process involving the according to Starov and co-workers.

adsorption at the expanding solid-liquid interface (near the

three-phase contact line) should be active which goes more

slowly than diffusion. A reasonable explanation for such un- Acknowledgments
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