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Contact Angle of Surfactant Solutions on Precipitated
Surfactant Surfaces. II. Effects of Surfactant Structure,
Presence of a Subsaturated Surfactant, pH,
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ABSTRACT: The contact angle of a saturated aqueous surfactant solution on the precipitate of that surfactant was measured by using the sessile drop method. The sodium and calcium salts of alkyl sulfates (C12, C14, and C18) had advancing
contact angles higher than those of alkyl trimethylammonium
bromides (C14, C16, and C18). The measured advancing contact angles for several surfactant solutions did not substantially change with varying surfactant/counterion ratios; therefore, the precipitating counterion concentration (e.g., water
hardness) had little effect on the wettability. The contact angles of fatty acid (C12 and C16) solutions did not show any dependence on pH between a pH of 4 and 10. The contact
angles of saturated calcium dodecanoate (CaC12) solutions
containing a second subsaturated surfactant (sodium dodecyl
sulfate: NaDS) decreased with increasing NaDS concentrations until reaching the critical micelle concentration of the
surfactant mixture. These results show that the second suractant can act as a wetting agent in this saturated surfactant
system. Application of Young’s equation to contact angles
showed that the solid/liquid surface tension can change substantially with surfactant concentration and be important in
addition to the liquid/vapor surface tension in reducing contact angles. Application of the Zisman equation results in a
“critical” surface tension for the CaC12 or soap scum of 25.5
mN/m, which is comparable to difluoroethene.
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Wettability of solid surfaces by surfactants is an important
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Abbreviations: γLV, liquid/vapor interfacial tension; γSL, solid/liquid
interfacial tension; γSV, solid/vapor interfacial tension; θ or θA, advancing contact angle; C14TAB, tetradecyl trimethylammonium bromide;
C16TAB, hexadecyl trimethylammonium bromide; C18TAB, octadecyl
trimethylammonium bromide; CaC12, calcium dodecanoate; CaDS, calcium dodecyl sulfate; CMC, critical micelle concentration; KSP, solubility product constant; NaDS, sodium dodecyl sulfate.
COPYRIGHT © 2004 BY AOCS PRESS

tions such as oil recovery, printing, coating, adhesion, flotation, and detergency and that is also used as an analytical
technique to characterize surfaces in basic material research
(1). Surfactants are often used to enhance the wetting ability
of an aqueous solution since they can modify the solid/liquid and liquid/vapor interfacial tension (2–4). The ability of
a liquid to spread over a solid surface is controlled by the
overall free energy at the interfaces. If spreading of a liquid
results in lowering the total free energy at the interfaces, then
the wetting process can occur spontaneously (5). Adsorption
of anionic or cationic surfactants on nonpolar solids such as
Teflon can change the interfacial tension and contact angle
(6–9). Adsorption of surfactant onto surfactant crystals during the precipitation process can affect both the kinetics of
surfactant precipitation (10) and the surfactant’s crystal habit
(11,12). One practical application of the present work was to
test the proposed dewetting mechanism (hydrophobic nature of the particles of a calcium/magnesium precipitate with
the soap destabilizing foam lamellae) used to explain the antifoam behavior of soap in hard water (13).
Wetting, in its most general sense, is the displacement
from a surface of one fluid by another. In the case of an
aqueous solution spreading over a solid, as studied here, the
tendency for fluids to wet can be indicated by the contact
angle. A low contact angle (near 0°) means high wettability,
and a high contact angle (>90°) means poor wettability.
The relationship between the interfacial tensions of the
surfaces at the three-phase boundary of a solid/liquid/
vapor system at equilibrium is described by the Young equation (14):
γ SV − γ SL = γ LV cos θ

[1]

where γSV, γSL, and γLV are solid/vapor, solid/liquid, and liquid/vapor interfacial tensions, respectively, and θ is the
equilibrium contact angle. This is only valid for a liquid
drop resting at equilibrium on a smooth, flat, homogeneous, impermeable, and nondeformable surface, but it is
used as a model for explaining wetting phenomena in most
other systems.
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The measurement of contact angle is the most rapid and
convenient way of characterizing the simultaneous interaction between solid, liquid, and vapor phases. If a liquid with
well-known properties is used for the measurement, the resulting interfacial tension can be used to identify the nature
of the solid used (15); for example, the contact angle of
water has commonly been used as a criterion for evaluating
the hydrophobicity of a surface (16,17).
Many experimental techniques are available for contact
angle measurement, such as capillary penetration techniques (14,18), the adhering gas bubble method (19), the
Wilhelmy plate method, and the sessile drop technique
(20,21). In the sessile drop method used in this study, contact angles are measured directly by depositing a drop of liquid on a solid surface and placing a tangent to the drop at
its base manually or by a computer program. The resulting
“static advancing contact angle” represents the “equilibrium
contact angle.” Some operator subjectivity can affect the
measurement, and the positions of the tangent line and the
baseline of the droplet are estimated by sight. The images
are often small, making precision extremely difficult. In addition, the optical phenomenon known as parallax can
cause inconsistency between measurements (15). Moreover,
obtaining a valid, reproducible contact angle is more difficult than it appears for a number of reasons: contamination
of the droplet, surface cleanliness, surface heterogeneity,
surface roughness, and environmental conditions (21).
These factors resulted in a precision of about ±5° in the
measurement of contact angle in this work. Since the variables studied here generally have a substantial effect on contact angle, this precision is adequate for our purposes.
In part I of this series (22), the contact angle of surfactant solutions on precipitated surfactant surfaces was discussed for the first time. In that work, the contact angles of
saturated solutions of sodium and calcium salts of both fatty
acids and alkyl sulfates of varying alkyl chain lengths and of
free fatty acids of varying alkyl chain lengths were measured
on a solid precipitated surfactant of the same type (only one
surfactant present in the system). In this work, contact
angles for cationic surfactants, fatty acids at different pH
levels, and anionic surfactants at different counterion/surfactant ratios in solution were studied for single surfactant
systems. Also reported here are contact angles on precipitated surfactant surfaces where the solution contained the
precipitated surfactant at saturation and a second subsaturated surfactant. The change in interfacial tension at the
air/water and solid/water interfaces attributable to this subsaturated surfactant is related to contact angle and surfactant adsorption.

EXPERIMENTAL PROCEDURES
Materials. The cationic surfactants, tetradecyl trimethylammonium bromide (C14TAB, 98% purity), hexadecyl trimethylammonium bromide (C16TAB, 98% purity), and octadecyl trimethylammonium bromide (C18TAB, 97% purity) were obtained from Fluka (Steinheim, Germany) and

used without further purification. Sodium dodecyl sulfate
(NaDS, >99% purity), from Sigma Chemical Co. (St. Louis,
MO), and sodium tetradecyl sulfate (95% purity) and
sodium octadecyl sulfate (93% purity), from Aldrich Chemical Co. (Milwaukee, WI), were used without further purification. The fatty acids used in this study were dodecanoic
acid (>99% purity; Sigma) and hexadecanoic acid (95% purity; Sigma). Calcium salts of fatty acids were prepared by
adding 20% excess calcium chloride to the surfactant solutions. The precipitate obtained from the reaction was filtered and rinsed with distilled water and dried in an oven at
40°C for 24 h. Sodium bromide (99.5% purity) and calcium
chloride dihydrate (UNIVAR grade) were obtained from
Ajax Chemical Co (Auburn, Australia). Doubly distilled and
deionized water with a maximum conductivity of 2
µmho/cm was used for the preparation of solutions
throughout these experiments.
Sample preparation. (i) Saturated solution preparation. All surfactant solutions were prepared at saturated conditions for
contact angle measurement. The saturated solutions of
cationic surfactants were prepared by dissolving the surfactant in doubly distilled and deionized water until no more
dissolution occurred. In the case of C14TAB and C16TAB, the
solutions were saturated by adding sodium bromide in different quantities to satisfy the solubility product. In the case of
NaDS, sodium chloride was used instead of sodium bromide.
Since the solutions can remain supersaturated for a long
time, all the solutions were cooled to 0°C to force precipitation and placed in a controlled water bath at 30°C, shaken
periodically, and allowed to equilibrate for at least 4 d.
(ii) Surfactant mixture preparation. The surfactant solution
of 100 mM NaDS in a saturated calcium dodecanoate
(CaC12) solution was prepared as a stock solution. The solution was then diluted with a saturated CaC12 solution to obtain surfactant mixtures with various NaDS concentrations.
(iii) Solid sample preparation. Solid samples of precipitated
surfactant were made by using a hydraulic press (Biorad
P/N 15011) with a highly polished stainless steel punch and
die of 13 mm diameter. The sample was compressed at 10ton force with a 3-min dwelling time to obtain a smooth and
reflective surface. Samples with nonuniform surfaces were
rejected. The pellets were stored in a controlled humidity
desiccator at ambient temperature prior to use.
Methods. (i) pH adjustment. The effect of pH on contact
angles of saturated solutions of dodecanoic or hexadecanoic acid was studied by adjusting the pH with hydrochloric acid and sodium hydroxide and measuring the pH with
a pH meter (Benchtop pH/ISE Meter, Model 420A, with triode pH electrode Model 91-578N).
(ii) Solubility product. The saturated solution of surfactant
ions in equilibrium with its precipitates was filtered using a
0.22-µm cellulose acetate membrane, and the filtrate solution
was analyzed for the equilibrium concentration of surfactant.
The concentrations of surfactant solutions were measured using a total organic carbon analyzer (TOC-5000A;
Shimadzu). The bromide concentrations were measured by
an ion chromatograph (Hewlett-Packard Series1050) with
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an Alltech Anion/R column (10 µm, 150 × 4.6 mm; Alltech,
Deerfield, IL) and conductivity detector (Alltech 350). The
sample solution was loaded into a 100-µL sample loop and
injected into the column using pure methanol as a mobile
phase at the flow rate of 1 mL/min. Sodium and calcium
concentrations were measured by using an atomic absorption spectrophotometer (Varian Spectra AA300). Absorption measurement of calcium was made in a nitrous
oxide–acetylene flame at 422.7 nm wavelength, and sodium
was measured in an air–acetylene flame at 589 nm wavelength.
(iii) Contact angle measurement. The contact angles were
measured by using the sessile drop technique. The apparatus consisted of a camera with a micro lens and a closed
plexiglas chamber with the dimensions of 21 × 27 × 15 cm.
There was a rectangular gate of 10 × 15 cm at the front
panel for insertion of the sample and a hole of 0.5 cm at the
top of the chamber for microsyringe injection for adding or
withdrawing solution onto the droplet. The chamber was
connected to the thermostat to control temperature. Before
measurement, the chamber environment was preheated at
30 ± 1°C by switching on the thermostat and was saturated
with water vapor to prevent a drop evaporation effect. When
the temperature reached 30°C, the precipitated surface was
placed in a closed plexiglas chamber. The solution drop was
introduced onto the surface through a microsyringe and
made to advance or retreat by adding or withdrawing a
small volume of solution (20–70 µL). The advancing or receding contact angles were measured by taking photographic images after adding or withdrawing the solution for
15 s. The contact angles were determined directly from the
photographs by drawing tangent lines between the liquid
drop and the solid surface using a computer with a Photoshop program as illustrated in Figure 1. The measurement
was made on both sides of the drop and the average was
taken. In this paper, only advancing contact angles are reported (as θ or θA); receding contact angles are discussed
in part I of this series (22).
(iv) Surface tension measurement (ASTM D1331-89) (23).
The surface tension of the surfactant solution was determined by using a DuNoüy-ring technique (KRÜSS digital

FIG. 1. Sessile-drop contact angle method. θA is the advancing contact angle; γSV, γSL, and γLV are solid/vapor, solid/liquid, and
liquid/vapor interfacial tensions, respectively.

tensiometer, Model K10ST) with a platinum–iridium ring
that had a wetting length of 199.95 mm, a ring radius of
9.6545 mm, and a wire radius of 0.185 mm. All surface tension measurements were controlled at 30 ± 0.5°C. The ring
was rinsed with water and heated in the gas flame of an alcohol burner before use to remove impurities. The precision of the surface tension of water was ±0.3%. The vessel
was rinsed with the solution sample before use. The solution was added to the vessel and the ring was then dipped
into the solution. The instrument was then switched on and
the surface tension measured when equilibrium was attained. Each surface tension was the average of at least 10
readings. All necessary precautions were taken to maximize
accuracy (24). The critical micelle concentrations (CMC)
were determined from a break point in plots of surface tension as a function of bulk surfactant concentration.
(v) Adsorption measurement. The adsorption of subsaturated NaDS onto the surfactant precipitate was determined
by measuring the concentration of NaDS before and after
adsorption (solution depletion method). The NaDS in saturated solutions of CaC12 (20 mL) was added to a vial containing 0.5 g of CaC12 precipitate and allowed to equilibrate
at 30°C for 4 d in a water bath. The samples were then centrifuged by a high-speed centrifuge (Sorval Super T21) at
3000 rpm for 10 min, filtered, and the supernatant solutions
analyzed for equilibrium NaDS concentration.
(vi) Analysis. The concentration of NaDS was analyzed by
high-performance liquid chromatography (Hewlett-Packard
series 1050) with a conductivity detector (Alltech Model
550) and a C18 reversed-phase silica column (Alltech Alltima, 5 µm × 150 mm × 4.6 mm). The temperature of the detector was adjusted to 30°C. The carrier solvent was composed of 60% methanol and 40% water at a flow rate of 0.5
mL/min. Each sample solution was analyzed in duplicate.

RESULTS
Solubility product. The precipitated surfactant can be in equilibrium with different ratios of surfactant and counterion
(calcium, sodium, or hydrogen) below the CMC as long as
the solubility product is satisfied. If distilled water is equilibrated with a pure ionic surfactant crystal, the surfactant ion
and the counterion (e.g., cation for the anionic surfactant)
will be present in solution in their stoichiometric proportions. This surfactant/counterion ratio could be different if,
for example, hard water were equilibrated with an anionic
surfactant crystal. In this study, activity coefficients were ignored in calculating and using apparent or concentrationbased KSP values; therefore, in the range of high salt concentrations, the apparent KSP values for the solutions were not
comparable to activity-based values from the literature. For
our purposes, as long as activity coefficients did not vary
much with surfactant concentration (a good approximation
at the relatively low surfactant concentrations and ionic
strengths used here), the concentration-based KSP values did
not vary with changing counterion concentrations. For divalent counterion calcium, the KSP was defined as
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and for monovalent sodium,
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for the solution in equilibrium with the precipitate, where
[S −] is the surfactant anion concentration. These apparent
concentration-based KSP values are shown in Table 1.
Effect of surfactant structure and counterion type. The values
of the advancing contact angles (θA) as a function of the
number of carbons in the hydrophobe (n) for sodium alkyl
sulfate, calcium alkyl sulfate, and alkyl trimethylammonium
bromide are shown in Table 2. The contact angles of
sodium and calcium salts of alkyl sulfates (C12, C14, and C18)
were in the range of 46 to 96° and increased when the alkyl
chain length increased, particularly when the alkyl chain
length was above 14 (22). The alkyl trimethylammonium
bromides (C14, C16, and C18) had contact angles between 0
and 34°, with the contact angle increasing with increasing
alkyl chain length. The contact angle for C18TAB was not
highly accurate since there was penetration from the solution into the precipitated surface, which reduced the contact angle. Therefore, the contact angles of this surfactant
shown in Table 2 are approximate values and are provided
to show the trend with varying alkyl chain lengths for this
series of cationic surfactants. Figure 2 shows plots of advancing contact angles vs. carbon chain length of the surfactant
hydrophobe for these cationic surfactants, as well as the calcium and sodium salts of alkyl sulfates for comparison.
Nonstoichiometric ratio of surfactant to counterion. From
Equations 2 and 3, the solubility product can be satisfied at
different ratios of counterion/surfactant ion for a given
counterion and surfactant. Table 3 shows advancing contact
angles for sodium and calcium salts of alkyl sulfates, CaC8,
and CaC12. The surfactant concentration was set by addition of the surfactant with a counterion, which was not present in the precipitate (solubility product not met), and the
equilibrium concentration of the precipitating counterion
was measured. The same KSP for a given surfactant
anion/counterion pair (Table 3) was not observed at different surfactant concentrations owing to imprecisions in
counterion concentration measurements, but the expected

TABLE 2
Advancing Contact Angles (θA) of Single-Component
Saturated Surfactant Solutions on Precipitated Surfactants
at 20–70 µL Drop Volumesa
Surfactant

Average θA
(degree)

NaDS
NaTS
NaOS

56
56
72

CaDS
CaTS
CaOS

46
47
96

C14TAB (tetradecyl trimethylammonium bromide)
C16TAB (hexadecyl trimethylammonium bromide)
C18TAB (octadecyl trimethylammonium bromide)

0–2
16
34

a

For other abbreviations see Table 1.

trend was seen. The results show that θA had little systematic dependence on the surfactant/counterion ratio for all
systems. However, for the most water-soluble surfactant
studied (NaDS), the contact angle was less reproducible
(more data scatter) than the less soluble surfactants. These
results indicate that the precipitating counterion concentration (e.g., water hardness) will have little effect on wettability for saturated single-component surfactant systems.
Effect of pH of fatty acid solutions. The contact angles for
saturated fatty acid solutions (C12, C16) with pH ranging
from 4.0 to 10.0 onto its own precipitate surface are shown
in Figure 3. Dodecanoic acid had a contact angle of 77 to
81°, whereas the contact angle of hexadecanoic acid varied
from 82 to 84° over this pH range.
Effect of subsaturated surfactant. (i) Liquid/vapor surface tension and CMC values. The CMC of the surfactant solution
containing saturated CaC12 and subsaturated NaDS concentrations was determined by plotting the liquid/vapor surface tension (γLV) as a semilogarithmic function of NaDS
concentration as shown in Figure 4. The break point in the
slope is the CMC. The CMC values were taken at 7.8 mM for
the pure NaDS solution and at 6.5 mM for the mixture of
saturated CaC12 and NaDS at 30°C. The CMC value obtained for the pure NaDS solution at 30°C agrees with literature values (25,26). The CMC of CaC12 could not be measured because the solubility of CaC12 was too low at 30°C.
(ii) Contact angle. The advancing contact angles of a saturated CaC12 solution containing subsaturated NaDS are

TABLE 1
Solubility Product Constant (KSP) Values for Sodium
and Calcium Salts of Alkyl Sulfates, Calcium Octanoate,
and Calcium Dodecanoate at 30°C
Surfactant
NaDS (sodium dodecyl sulfate)
CaDS (calcium dodecyl sulfate)
NaTS (sodium tetradecyl sulfate)
CaTS (calcium tetradecyl sulfate)
NaOS (sodium octadecyl sulfate)
CaOS (calcium octadecyl sulfate)
CaC8 (calcium octanoate)
CaC12 (calcium dodecanoate)

KSP (concentration-based)
2.63 × 10−4 M2
2.65 × 10−11 M3
2.59 × 10−6 M2
6.30 × 10−12 M3
7.82 × 10−8 M2
1.09 × 10−13 M3
4.53 × 10−7 M3
1.43 × 10−12 M3

FIG. 2. θΑ of sodium alkyl sulfate, calcium alkyl sulfate, and alkyl
trimethylammonium bromide. For abbreviation see Figure 1.
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TABLE 3
θA for Nonstoichiometric Saturated Solutions
of Single-Component Surfactants
Average θA (degree)

Surfactant
NaDS
−

−4

[DS ] = 1.44 × 10 M, [Na+] = 4.057 M
[DS−] = 1.54 × 10−4 M, [Na+] = 1.509 M
[DS−] = 1.72 × 10−4 M, [Na+] = 1.326 M
[DS−] = 1.85 × 10−4 M, [Na+] = 2.543 M
[DS−] = 2.10 × 10−4 M, [Na+] = 1.252 M
[DS−] = 2.39 × 10−4 M, [Na+] = 2.839 M

67
54
54
56
50
58

CaDS
[DS−] = 1.94 × 10−4 M, [Ca2+] = 9.23 × 10−4 M
[DS−] = 2.11 × 10−4 M, [Ca2+] = 4.49 × 10−4 M
[DS−] = 3.64 × 10−4 M, [Ca2+] = 2.00 × 10−4 M
[DS−] = 4.72 × 10−4 M, [Ca2+] = 8.38 × 10−4 M
[DS−] = 5.60 × 10−4 M, [Ca2+] = 7.06 × 10−4 M
[DS−] = 1.01 × 10−3 M, [Ca2+] = 8.73 × 10−4 M

45
49
46
43
47
48

NaTS
−

−4

[TS ] = 6.51 × 10 M, [Na+] = 5.65 × 10−3 M
[TS−] = 6.66 × 10−4 M, [Na+] = 7.83 × 10−3 M
[TS−] = 8.54 × 10−4 M, [Na+] = 2.17 × 10−3 M
[TS−] = 8.65 × 10−4 M, [Na+] = 1.48 × 10−3 M
[TS−] = 1.06 × 10−3 M, [Na+] = 1.13 × 10−3 M
[TS−] = 1.10 × 10−3 M, [Na+] = 2.09 × 10−3 M

58
56
54
54
67
50

CaTS
[TS−] = 9.58 × 10−5 M, [Ca2+] = 7.88 × 10−4 M
[TS−] = 1.02 × 10−4 M, [Ca2+] = 3.29 × 10−4 M
[TS−] = 1.08 × 10−4 M, [Ca2+] = 2.99 × 10−4 M
[TS−] = 1.10 × 10−4 M, [Ca2+] = 1.22 × 10−3 M
[TS−] = 1.12 × 10−4 M, [Ca2+] = 6.11 × 10−4 M
[TS−] = 1.26 × 10−4 M, [Ca2+] = 6.09 × 10−4 M

44
48
53
45
44
51

NaOS
−

−5

[OS ] = 5.04 × 10 M, [Na+] = 1.96 × 10−3 M
[OS−] = 5.16 × 10−5 M, [Na+] = 3.50 × 10−3 M
[OS−] = 5.99 × 10−5 M, [Na+] = 6.26 × 10−4 M
[OS−] = 6.97 × 10−5 M, [Na+] = 5.74 × 10−4 M
[OS−] = 7.54 × 10−5 M, [Na+] = 1.17 × 10−3 M
[OS−] = 9.36 × 10−5 M, [Na+] = 2.61 × 10−4 M

−

−5

95
96
94
94
95
99

CaOS
[OS ] = 1.87 × 10 M, [Ca2+] = 3.54 × 10−4 M
[OS−] = 2.00 × 10−5 M, [Ca2+] = 3.46 × 10−4 M
[OS−] = 2.42 × 10−5 M, [Ca2+] = 9.98 × 10−5 M
[OS−] = 2.87 × 10−5 M, [Ca2+] = 1.70 × 10−4 M
[OS−] = 2.93 × 10−5 M, [Ca2+] = 8.86 × 10−5 M
[OS−] = 3.16 × 10−5 M, [Ca2+] = 1.17 × 10−4 M

72
69
74
72
71
75

CaC8
[C8−]
[C8−]
[C8−]
[C8−]

= 0.0068 M, [Ca2+] = 2.74 × 10−3 M
= 0.0091 M, [Ca2+] = 4.64 × 10−3 M
= 0.0103 M, [Ca2+] = 5.31 × 10−3 M
= 0.0132 M, [Ca2+] = 4.86 × 10−3 M

93
92
94
92

FIG. 3. θΑ of dodecanoic acid and hexadecanoic acid. For abbreviation see Figure 1.

shown in Figure 5. The contact angles decreased significantly with increasing NaDS concentration until reaching a
plateau above the system CMC of 6.5 mM.
(iii) Adsorption of the subsaturated surfactant onto the precipitated surfactant. The adsorption isotherm of NaDS onto the
CaC12 precipitate is shown in Figure 6. At a low concentration of surfactant, the increase in adsorption with surfactant concentration was a less-than-proportional increase
(for a proportional relationship, the slope of adsorption vs.
equilibrium concentration on a log–log plot is unity). At
NaDS concentrations above the CMC, after a plateau region, the adsorption appeared to increase sharply. The
amount of NaDS adsorbing in the neighborhood of the
CMC was 70 µmol/g (20 µmol/m2 or 8.3 Å2/molecule).
(iv) Calculation of solid/liquid surface tension. From Equation 1, if γSV and γSL are constant, the plot of cos θ vs. 1/γLV
should be linear and slope = (γSV − γSL). The results in Figure 7 do not show this linear relationship, indicating that
γSL varied with surfactant concentration. The value of γSV
can reasonably be assumed to be independent of the surfactant concentration because the dry solid had not yet been
contacted by the liquid in an advancing contact angle. Even
if the NaDS adsorbed as a complete bilayer on the flat surface of the precipitated surfactant, the reduction in NaDS
concentration due to adsorption-induced depletion would
be a maximum of 22%. Therefore, the initial NaDS concentration was assumed to be the same as the equilibrium NaDS
concentration, ignoring this small correction. There is no
simple way to measure or calculate the absolute value of γSL.
However, we can calculate γSL relative to γSL at a reference
state (γSL0). The reference state chosen was that corresponding to no NaDS being present. Subtracting Equation
1 for the condition of interest from Equation 1 for the standard state condition yields:
γ LV 0 (cos θ) − γ LV (cos θ) = ( γ SV − γ SL ) − ( γ SV − γ SL )
0

0

(

= γ SL − γ SL 0

)

[4]

Rearrangement of Equation 4 yields
CaC12
[C12−] = 4.49 × 10−5 M, [Ca2+] = 5.74 × 10−4 M
[C12−] = 4.79 × 10−5 M, [Ca2+] = 3.49 × 10−4 M
[C12−] = 5.81 × 10−5 M, [Ca2+] = 3.24 × 10−4 M
[C12−] = 1.04 × 10−4 M, [Ca2+] = 2.44 × 10−4 M

85
83
85
82

(γ

LV

0

)

(

γ LV (cos θ) − cos θ = ( γ SL γ LV ) − γ SL 0 γ LV
0

)

[5]

where the superscript 0 refers to the standard state when no
NaDS is added to the solution, i.e., the CaC12 saturated
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FIG. 4. γLV as a function of sodium dodecyl sulfate (NaDS) concentration. Pure
NaDS and a mixed solution of saturated
calcium dodecanoate (CaC12) and subsaturated NaDS. CMC, critical micelle concentration. For other abbreviations see
Figure 1.

FIG. 5. θΑ of a saturated CaC12 solution
with varying NaDS concentrations. For abbreviations see Figures 1 and 4.

FIG. 6. Adsorption of NaDS onto a CaC12
precipitate. For abbreviations see Figure 4.

FIG. 7. Contact angle as related to γLV of a
mixed solution of saturated CaC12 and
subsaturated NaDS. For abbreviations see
Figures 1 and 4.

solution. The γSL is the solid/liquid surface tension of the
mixed surfactant solution at a given NaDS concentration.
Using the adsorption data from Figure 6, the relative
solid/liquid surface tension (γSL − γSL0) could be correlated

to surfactant adsorption density on the solid as well as to
surfactant concentration. The value of γLV could be obtained from the data in Figure 4. The reduction in solid/liquid surface tension (γSL0 − γSL) of saturated CaC12 contain-
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FIG. 8. Solid/liquid spreading pressure
(γSL0 − γSL) of a mixed solution of saturated
CaC12 and subsaturated NaDS as a function of NaDS concentration. For abbreviations see Figures 1 and 4.

FIG. 9. γSL0 − γSL of a mixed solution of saturated CaC12 and subsaturated NaDS as a
function of NaDS adsorption. For abbreviations see Figures 1, 4, and 8.

ing NaDS as a function of NaDS concentration and NaDS
adsorption is shown in Figures 8 and 9, respectively. The parameter (γSL0 − γSL) is a spreading pressure for the solid/liquid interface, representing the reduction in surface tension
induced by the presence of the subsaturated surfactant.
However, unlike liquid/vapor spreading pressures, the
value of the surface tension for the “pure solvent” or standard state was not measurable.

DISCUSSION
Effect of surfactant structure and counterion type. The contact
angles of the sodium and calcium salts of alkyl sulfates were
high compared to those of alkyl trimethylammonium bromides with similar hydrophobic sizes, as shown in Figure 2.
Cationic surfactants (e.g., quaternary ammonium headgroups) generally have a higher CMC than anionic surfactants (e.g., sulfate headgroups) (14) with the same hydrophobic group size. Even when the cationic and anionic
surfactants were compared on the basis of similar CMC values (C18TAB was roughly equivalent to a sodium alkyl sulfate with 15 carbons based on the CMC), from Figure 2, the
contact angle of the cationic surfactant was smaller than
that of the alkyl sulfate. This may be related to the larger hydrophilic group of the trimethylammonium group compared to the sulfate group.
Effect of pH of fatty acid solutions. Figure 3 shows that the
contact angles of both dodecanoic acid and hexadecanoic
acid are almost independent of pH. According to Drelich
et al. (27), the extent of dissociation of carboxylic groups
depends on the pH of the aqueous phase, and significant

dissociation of carboxylic groups can be expected to occur
in the solution under alkaline conditions. The pKa of
sodium octanoate is 5.3 (28) and should depend little on
the hydrophobe chain length of the surfactant. Therefore,
the range of pH values studied here (4–10) corresponds to
almost completely protonated (neutral) surfactants to almost completely ionized anionic surfactants. Since the solid
precipitate must be almost electrically neutral, there is one
hydrogen (or hydronium) ion per surfactant anion in the
crystalline solid. However, as pH varies, the ratio of ionized
surfactant/neutral (protonated) surfactant in solution
changes. Therefore, the fact that the value of θA had almost
no dependence on pH for the fatty acid (Fig. 3) indicates
that the protonated and unprotonated surfactants had approximately the same surface activity at the solid/liquid and
liquid/vapor interfaces.
Effect of a subsaturated surfactant. Figure 5 shows that the
subsaturated surfactant acted as an effective wetting agent
on the precipitated CaC12, with more than a 40° decrease
in contact angle attributable to added NaDS, despite the
fact that the solution was already saturated with CaC12. In
part I of this series (22), we showed that saturated solutions
of sodium alkyl sulfates, calcium alkyl sulfates, sodium salts
of fatty acids, calcium salts of fatty acids, and free fatty acids
very rarely had a contact angle that exceeded 90° with the
solid precipitate of that surfactant. This was interpreted as
not supporting the concept that soaps act as defoamers/antifoams in hard water via the mechanism of dewetting of
“hydrophobic” soap precipitates. This work provides even
more evidence against the dewetting theory of foam regulation since in applications such as laundry detergency, where
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soluble surfactants are present with the soap, it is an effective foam-control agent. As shown for the calcium soap used
here, a contact angle of <40° in the presence of the subsaturated surfactant was observed, resulting in a fairly hydrophilic solid. Such a low contact angle implies that the
NaDS was adsorbing in a headgroup-out configuration
(e.g., a bilayer or a tail-down/head-out monolayer).
The adsorption isotherm in Figure 6 shows a slope of less
than unity on a log–log plot, indicating a lack of cooperation
between the adsorbed surfactant molecules. This indicates
that adsorption increased gradually without a two-dimensional phase change to form admicelles, as is often observed
on highly hydrophilic surfaces such as metal oxides (29).
The adsorption density of NaDS in the vicinity of CMC was
used to calculate the area per adsorbed surfactant molecule
of 8.3 Å2. The area occupied per molecule for DS− in the
compact monolayer reported by Dahanayake et al. (30) was
53 Å2. The calculated result indicated that there were approximately six layers of DS− adsorbing on the solid surface.
Unless surfactant precipitation was occurring simultaneously, more than two adsorbing layers are not generally
thought to occur in surfactant adsorption (31). Below the
CMC, the NaDS did not exceed its KSP with either sodium or
calcium (KSPNaDS = 2.63 × 10−4 M2; KSPCaDS = 2.65 × 10−11M3).
We suspected that the surface of the CaC12 precipitate was
modified during the drying process at 40°C in an oven and
possibly changed the surface area of the precipitate because
the CaC12 precipitate had a low melting point (48°C). As a
result, the surface area of precipitated CaC12 was reduced
and the area/adsorbed molecule calculation was inaccurate.
As seen in Figure 6, after plateauing at the CMC, surfactant
adsorption increased dramatically. As micelles were formed
above the mixed-system CMC, these mixed micelles were
composed of both the dodecyl sulfate and dodecanoate anionic surfactants. As NaDS concentration increased above
the CMC, a higher concentration of micelles was formed,
causing some precipitated CaC12 to dissolve to allow the dodecanoate to micellize. Although a stoichiometric ratio of
calcium/surfactant dissolved, less than a stoichiometric
amount of counterions bound onto micelles (32), so some
of the dissolved calcium ended up unassociated in solution.
When this calcium concentration became high enough, the
calcium/dodecyl sulfate KSP was exceeded and precipitation
of the DS− occurred as the calcium salt. As more NaDS was
added, more CaC12 dissolved and more calcium dodecyl sulfate (CaDS) precipitated. Since the solution depletion
method of measuring adsorption used here was unable to
differentiate adsorption from precipitation, the “apparent”
adsorption reported in Figure 6 increased with NaDS concentration above the CMC. This combination of adsorption
and precipitation was defined as “abstraction” by Hanna and
Somasundaran (33) and was observed by Smith et al. (34).
Therefore, in Figure 9 where the relative solid/liquid interfacial tension is plotted against surfactant adsorption, the
concentration range where CaDS precipitation is occurring
was not included since we wished to correlate surface parameters to true adsorption. As shown in Figure 7, the contact

angle decreased as γLV decreased due to an increasing NaDS
concentration below the CMC. Both γLV (Fig. 5) and θA (Fig.
4) became nearly constant above the CMC. Normally, surfactant adsorption on a solid changes little above the CMC (31);
the increase observed here (Fig. 6) is believed to be due to
NaDS precipitation. Therefore, further discussion will focus
on the sub-CMC region.
Wetting enhancement by surfactants is commonly attributed primarily to a reduction in liquid/vapor surface tension. For example, the well-known Zisman equation (35) attributes contact angle changes of pure fluids on low-energy
surfaces solely to liquid/vapor surface tension. From Equation 1, this implies that γSL is constant or, from Equation 5,
that the ratio (γSL/γLV) is constant. Even though the Zisman
equation was originally confined to pure liquids, it is now
widely used (or misused) for surfactant solutions. As seen
in Figure 8, γSL decreased by approximately 16 mN/m between no added NaDS and the CMC, whereas γLV decreased
by about 30 mN/m (for no added NaDS, γLV = 59 mN/m)
over this same range, all with saturated CaC12. Increasing
adsorption of the NaDS onto the CaC12 precipitate was the
cause of the decrease in γSL as the NaDS concentration increased, just as NaDS adsorption at the vapor/liquid interface was responsible for the reduction in γLV as the NaDS
concentration increased. Figure 9 shows the dependence of
the solid/liquid spreading pressure on surfactant adsorption at this interface.
The Zisman equation is as follows (20,35):

(

cos θ = 1 − β γ LV − γ LV c

)

[6]

where γLVc is the critical surface tension characteristic of the
solid. A Zisman plot is a graph of cos θ vs. γLV from which
γLVc and β are deduced. The value of γLVc represents the
maximum surface tension of a liquid that results in a contact angle of 0° and results in wetting. Values of γLVc have
been tabulated for many hydrophobic polymers (20). Figure 10 shows the Zisman plot for the CaC12/NaDS system
studied here. The Zisman equation is not obeyed over the
range of conditions studied here, becoming very nonlinear
at cos θ < 0.5. If the linear region of the Zisman plot for
cos θ > about 0.5 is evaluated as shown in Figure 10, γLVc =
25.5 mN/m and β = 0.045. For comparison, when γLVc of difluoroethene = 25 mN/m, values of β are typically between
0.03 and 0.04 (20).
In studies of wetting of single-component surfactant solutions on a hydrophobic surface (generally polymers), the
Gibbs equation has been combined with the Young equation to deduce surfactant adsorption at the solid/liquid interface from contact angles and vapor/liquid surface tensions (14,36,37). Since both the subsaturated NaDS and
saturated CaC12 were present in solution in our system, the
single-component analysis done in those studies cannot be
applied to the data presented here to deduce surfactant adsorption at the solid/liquid interface and compared to adsorptions measured directly. In other studies on polymers,
direct measurement of surfactant adsorption was generally
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FIG. 10. Zisman plot. γLVc is the critical surface tension for the CaC12. For other abbreviation see Figure 1.

FIG. 11. Relationship between γSL0 − γSL
and γLV. For abbreviations see Figures 1
and 8.

not done for comparison with the deduced value. The general conclusion from studies of surfactant solution wetting
on hydrophobic polymers is that the Zisman equation works
because the reduction in γSL [or increase in (γSL0 − γSL)] is
approximately the same as the reduction in γLV with increasing surfactant concentration. Therefore, the γLV term in
Equation 6 coincidentally reflects interfacial tension reduction at both the liquid/vapor and the solid/liquid interfaces, since they mirror each other. This is shown for our
system in Figure 11, where the slope of γSL0 − γSL vs. γLV is
−0.8 for the linear region of the Zisman plot (γLV < 40
mN/m), compared to −1 if the reductions in γ are identical. As with single surfactants on hydrophobic plastics, the
reduction in γSL is comparable with that in γLV, explaining
why the Zisman plot works in this concentration range. The
Zisman equation is empirical and is more often used in applications under conditions far beyond those originally intended. This work shows that this can be a dangerous practice for surfactant solutions.
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