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Introduction

Foams and bubbles are interesting systems
for the study of the bchavior of soluble
surfactants at the gas/liquid interface. On the
other hand, monolayers are suitable for the
study of the behavior of insoluble surfactants
at the gas/liquid interface. Shab and Schulman
(1) and Shabh (2) have shown that in mixed
sutfactant systems the stoichiometric associ-
ation hetween the surfactant molecules can
strikingly alter the properties of the system.
In recent years refiable techniques for measue-
ing surface shear viscosity have been developed
by Burton and Mannbeimer (3); Mannbeimer (4);
Mannbeimer and Schechter (5); Pintar, Israel,
and Wasan (6); Wasan and Gupta (7); Goodrich,
Allen, and Poskanzer (8); and Poskanzer and
Goodrich (9). The present study attempts. to
explore the influence of the molecular associ-
ation between the sutfactants and their effect
on avecrage area per molecule, surface shear
viscosity, rate of drainage, and foam stability
in mixed surfactant systems.

Experimental procedures

1. Materials: High purity (>999,) stearic  acid,
stearyl alcohol, and dodecanol were purchased from
Applied Science Laboratories, Inc. (State College, Pa.);
l-octanoic acid and l-decanoic acid were obtained from
K and K laboratories (Plainsview, N.Y.); l-octanol
and l-decanol were obained from Chemical Samiple Co.,
(Columbus, Ohion); and high purity (989;) sodium
dodecyl sulfate was generously supplied by Alcolac,
Inc. (Baliimore, Md.) and further purified by the
method of foam fractionatinn described elsewhere (10).
Allinorganic chemicals were of reagent grade. Solvents
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of spectrophotometric grade and double-distilled
water were used in all experiments.

2. Foam Stidies: a. Sodium dodecyl sulfate-dodecanol: The
technique described by Browa ct al, (11) was cmployed
in preparing aqueous solutions of sodium dodccy! sul-
fate-dodecanol. The solutions were prepared at different
relative concentrations of dodecanol, K, dcfined as

K = Concentration of sodium dodecyl sulfate (g/1)
- Concentration of dodecanol (gff)

The standard foam meter, first introduced by Bikerman
(12), was used to measure foam persistance and the
amounts drained at various intervals. A schematic
diagram of the foam meter is shown in figure 1. It
consists of a glass column 75 c¢m long and 2 cm in
diameter. A sintered glass disc (40-60 porosity) is
attached 10 the lower end of the column. To maintain
the foam at 2 constant temperature of 25 +1 °C, the
column is surrounded by a warer jacket and water is
allowed to circulate from a constant temperature bath.
Ten milliliters of solution was pipetted into the column
and high purity prchumidificd nitrogen gas was
bubbied through the solution at 2 flow rate of 20 cc/min
unril the solution was converted to foam. The initial
volume of foam and the time of complete collapse were
recorded. Also recorded were the times of drainage of
each 0.2 ml of liquid.

b. Fatty acid - fatty akobol: The stability of the
foams produced by octanoic acid-octanol and decanoic
acid-decanol, was studied in the following manner:
1 ml of cach lipid mixture, containing different molar
ratios of the fatty acid to the fatty alcohol, was placed
in a 100 ml glass-stoppered graduated cylinder and
shaken vigorously with 20 ml. of 0.05 M tris-HCl
buffer (13) in 0.02 M-NaCl, pH 8.8. The amount of
solution accumulared (drained) under the foam in each
cylinder was recorded 10 minutes from foam forma-
tion. The foam heighr afier 16 hours of waiting time
was zlso recorded. Photographs of the cylinders were
taken at various instants of time.

3. Surface shezr rviscosity: ‘The modified deep channel
viscaus traction viscometer described elsewhere (6, 7)
was used to determine the surface shear viscosity of
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Fig. 1. Schematic diagram of foarm meter

1. high purity Na.
2. ascarite,

3. glass wool.

4. distilled H20.

each solution. For systems of sodium dodecyl sulfate-
dodecyl alcohol, the surface shear viscosity of the
adsorbed film was dctermined. However, for octanoic
acid-octanol and decanoic acid-decanol, because of
their relatively poor solubility in the buffer solution,
it was found convenient to spread monolayers of
these mixtures at about 20 A2/molecule (i.c. to a state
of close packed molecules) in the surface viscometer.
Monolayers were spread from fatty acid-fatty alcohol
solution in a mixture of chloroform-methanol-hexane
(1:1:3 V/V/V). Since these systems do not form stable
monolayers, the absolute value of surface shear
viscosity changed with time, however, the relative
order of the initial values of surface shear viscosity
remained reliable and reproducible.

4. Mixed Monolayers: Solutions of stearic acid and

stearyl alcohol were prepared in chluroforin-methanol-
hexane (1:1:3 V/V/V) mixture. The surface pressure
was measurcd by the modified Wilhelmy plate method
(14). The average area per molecule was calculated
from the total number of molecules in the monolayer.
The monolayers were studied on the same buffer
subsolution used in the foam studies of fatty acid-farty

alcohol systems. The average arca per molecule in mix--

ed monolayers was plotied as a function of the molar
ratio of the two components at constant surface
pressure.

Results and discussion

The results presented in this paper show a
definite trend. Aqueous solutions of single
surfactants such as sodium dodecyl sulfate
exhibit low surface shear viscosity (10-4 S.P.)
and yield relatively unstable foam with a high
drainage rate. Figure 2 depicts the influence of
dodecanol on the surface shear viscosity and
the drainage rate of SDS solutions. For a given

5. sintcred glass disc.

6. water from a constant 7 bath.
7. water jacket.

8. foam column,

9. dry test meter.
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Fig. 2. Surface shear viscosity and the average rate of
drainage versus sodium dodecyl sulfate concentration
at various X values

K (ratio of SDS concentration to DOH
concentration) surface shear viscosity is rela-
tively low, increases rapidly as the surfactants
concentration is increased, reaches a maximum,
then decreases rapidly to a negligible value
(10-4 S.P.). Foam stability data show similar
trend while the drainage rate data show an
opposite trend (i.e. decrease to a2 minimum
followed by an increase). The concentration at
which the maximum in surface shear viscosity
(minimum drainage rate) occurs depends on
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Fig. 3. Surface shear viscosity and the average rate of
drainage versus dodecanol concentration for SDS-
DOH at an SDS concentration of 1.0 g/l with and
without 0,02 M NaCl

the value of K and increases as K decreases
(as DOH concentration decreases).

The addition of a strong electrolyte, sodium
chloride, to aqueous solution of SDS-DOH,
at SDS concentration =1 gfl, while decreasing
the surface tension, strikingly decreases the
magnitudes of surface shear viscosity and
foam stability and increases the rate of drainage
(fig. 3). ‘This is in contrast with the findings of
Shib and Lemlich (15) who found that the
addition of potassium chloride had no effect
on the stability of foams produced by Triton
X-100, albumin, and saponin. This is probably
due to the nonionic nature of the surfactants
used ‘bythese investigators versus the ionic
nature of the surfactants used in the current
study. Burcik (16) suggests that the addition of
an clectrolytic salt to an aqueous solution of
an jonic surfactant decreases the surface tension
and enhances the rate of equilibrium surface
tension attainment, i.e. increases the rate of
foam collapse. The results of our work favor
this conclusion.

Using the foaming method Wasan and
co-workers (17) determined the surface excess
concentrations of several mixed surfactant
systems. For SDS-DOH, X ==100, they found
that while the ratio of the woler concentration
of SDS to'that of DOH is 64:1, the ratio of the

surface excess concentration of SIDS-to-DOH
is 2:3 with a loosely packed film. Holding the
molar ratio constant at 64:1 and increasing the
bulk concentrations causes the surface excess
ratio to increase until it recaches a2 maximum
of 1:1 at an SDS concentration of 1 g/l
(a DOH concentration of 0.01 g/l). ‘This
increase is also accompanied by closer molec-
ular packing. If the bulk concentration of the
two surfactants” are incrcased further, the
surface excess ratio decreases back to 2:3 with
a looscly packed film. This indicates that DOH
is more surlace active than SDS since it is morte
preferentially adsorbed at the surface. Further-
more, this indicates that there’is a unique
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Fig. 4. (a) Foam volume of octanoic acid-octanol
mixtures of various molar compositions, 5 minutes
after the formation of foam; (b) Foam volume of

octanoic acid-octanol mixtures of various molac
compositions, 16 hours after the formation of foam
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Fig. 6. Acc umu-:lau.d amount of bufler solution under decanoic acid-decanol foam in each cylinder 10 minui
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is retained in the foam produced by the mixture in the 1:3 molecular ratio ¢

surface excess ratio which corresponds to
maximum surface shear viscosity and this
unique surface excess ratiois also the maximum.

This hypothesis is further supported by
considering the foam characteristics of octanoic
acid-octanol mixtures (fig. 4 (a) and (b)). It is
evident that the foam stability is maximum at a
9:1 molar ratio in octanoic acid-octanol
system. Similar studies with dccanoic acid-
decanol system showed the maximum foam
stability at a 1:3 molar ratio (2). It is striking
that an increase of two methylene groups from
Cs to Cyg brings the maximal foam stability
and the maximal surface shear viscosity from
9:1 to 1:3 molar ratio between the fatty acid
and the fatty alcohol (fig. 5 and 6).

¢
| ;
It is imcrcsting that the minima in axal
molecule in mixed monolayers of stcau(
acid-stearyl alcohol also occur at the 9: lam}
1:3 molar ratio (fig. 7). From mcasurcmems‘d
evaporation through these mixed munolayc
Shab has shown (2, 18, 19) that the nummup
at the 1:3 molar ratio between stearic aclg-
stearyl alcohol is due to closer packing g
molecules since he also observed the mmlm
evaporation rates. In contrast, there was @
I

corresponding minimum in cvaporation

at the 9:1 ratio suggesting that the minimt
in arca/molccule at the 9:1 molar ratio s |
due to a closer packing of molecules but prg
sumably due to structural alterations within
mixed monolayer at this molar ratio. This cog
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Fig. 7. Average arca/molecule of stearic acid-steary]
alcohol monolayers on subsolutions of 0.05 M Tris-
HC bulfer in 0.02 M NaCl, pH 8.8, at 22 °C; (- -) the
additivity rule of molecular areas. The minimal con-

densation occurs at 9:1 and 1:3 molecular ratio be-
tween stearic acid and stearyl alcohol

cept of structural alteration which may include
aggregate, micelle or liquid crystal formation
within the mixed monolayer (i.e. a deviation
from a strictly monolayer state), is further sup-
ported by the observation that the arca of IGX 2
per molecule at the 9:1 ratio is considerably
smaller than that in a closed packed monolayer.
This suggests that perhaps a small fraction
(about 10 mole %) of alcohol molecules may
act as condensation nuclei around which the
fatty acid molecules may aggregate and cause
structural alterations including a deviation from
the two-dimensional state of the monolayer
(20).

The minimum in the average area per
molecule observed at the molecular ratio of 9:1
between stearic acid and stearyl alcohol does
not appear to be a specific molecular complex,
but it indicates the situation in which one
component (nonionic) is present at a relatively
low concentration serving as nucleation cen-
tes. Recently, it has been shown by Abwad
ad Friberg (21) that the surfactant solutions

containing liquid-crystalline phases can exhibit
enhanced foam stability. From the phase
diagram of octanol-sodium octanoate-water
given by Luwh (22), it can be suggested that
the molccular ratio of 9:1 between octanoic
acid and octanol at pH 8.8 may cause the
formation of such liquid-crystalline structures
in the foam lamellae, which subscquently can
enhance the foam stability. )

Based upon our studies on mixed mono-
layers of stearic acid and stearyl alcohol, we
propose that if such tight packing of decanoic
acid and decanol molecules occurs in the foam
lamellae in the molecular ratio of 1:3, then this
would increase the surface viscosity, would
decrease the rate of drainage and subsequently
would increase the foam stability. The last
three expected phenomena were in  fact
experimentally observed (figs. 4 and 5). Shab
has (18 and 19) also proposed that in mixed
surfactant systems of 1:3 molar composition,
the two types of molecules arrange in a hexa-
gonal pattcrn so that the molecules of the larger
fraction occupy the corners and those of the
smaller fraction occupy the centers of hexa-
gons. The hexagonal arrangement secems. to
provide the closest possible packing of mole-
cules at interfaces. .

Theoretical analysis of flow characteristics in
thin liquid filns have been attempted by
scveral workers who used a form of the Navier-
Stokes cquations similar to those encountered
in lubrication theory (23-26). The recent work
of Ruckenstein and Jain (25, 26) shows that the
presence of surface active substances causes an
increase in the surface viscosity of the film and
results in increasing the rupture time of the
film by several orders of magnitude. The
results of our work favor their conclusion. In
summary, our experimental results clearly
establish the following interrelationship: foam
stability - rare of drainage -» surface viscosity -~
molecular packing in surfactant film.

The preceding is by no means a complete
explanation of all the factors governing foam
stability. Surface shear viscosity is indeed an
important factor because it influences the rate
of drainage thus increasing (or decreasing) the
rate at which the lamella attains its critical
thickness. ‘The critical thickness itself is
governed by the electrical repulsion of the
jonic double layer (27) and the van der Waals
attraction. Once the lamella attains its critical
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thickness its persistence is ;,()\fun(d by local
surface tension gradients which gives rise to
Gibbs clasticity. This cffect was pointed out
by the analysis of Ruckenstein and Jain (25, 26)
who found that the presence of surface active
materials influence the compoemonal clasncxty
of the film as well as its surface viscosity.
Recently, scveral researchers have indicated
the importance of surface dilational viscosity
in foam stability (28). Preliminary experiments
conducted by Wasan and co-workers (29)

indicate that surface dilational viscosity is

indced an important factor. Only when these
factors arc researched to the fullest and ex-
plained in terms of molccular association
a complete description of the factors affecting
foam stability can be possible.
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Summary

Aqucous solutions of sodium dodecyl sulfate yicld
very unstable foam with a very high rate of drainage
because they exhibit a relatively low surface shear
viscasity, When a solubilizate, such as dodecanol is
present in the system, the rate of drainage and thus
foam stability prove to be a function of surface shear
viscosity. In itself surface shear viscosity appears to be
4 funcrion of the state of the film as well as the relative
amount of the surfaciants that is adsorbed at the
surface. Systems of fatty acid - fatty alcohol (decanoic
acid - decanol, octanoid acid -~ octanol) exhibit
maximum foam stability at molar ratios of 1:3and 9:1,
respectively. At the same molar ratios in these systems,
the rate of drainage is minimum and surface shear
viscosity is maximum. Studies on mixed monolayers of
stearic acid - stearyl alcohol showed minima in the
average arca per molecule at the 9:1 and 1:3 molar
ratios.

It is proposed that the molecular inwcraction which
causes the reduction in the average area per molecule
in the mixed monolayer also causes the maximum in
surface shear viscosity, the minimum in the rate of
drainage, and the maximum in foam stability.

Zusammenfassung

WiBrige Losungen von  Natriumdodecylsulfat
haben schr instabile Schiiume mit ciner hohen Drain-
geschwindigkeit, die mit der relativ niedrigen Ober-
flichengeschwindigkeit zusammenhiingt. Bei Gegen-
wart cines Solubilisators, wie z.B. Dodecanol, wird
die Draingeschwindigkeit und die Schaumstabilivit
cine Funktion der Oberflichenscherviskositit. Die
Oberflichenscherviskositit selbst scheint eine Funk-
tion des Filmzustandes und der relativen Tensidmenge
zu sein, dic an der Oberfliche adsorbicrt ist. In den

Systemen  Fettsiiure-Fettalkohol treten Maxima ¢
Schaumstabilitit bei Molverhiiltnissen 1:3 bzw, 9
aul. Bei den g,luchcn Molverhilinissen hat die Drai
geschwindigkeit ein Minimum und dic Oberfliche:
scherviskositit cin Maximum, In Monoschichien v
Stearinsiure und Sicarylalkohol errcicht der Platzb
darf pro Molckiil Minima bei Molverhilinissen v
9:1 und 1:3.

Es wird angenommen, daB die gleichen Wechse
wirkungen, welche zur Reduktion des Plaizbedarls |
den [,Lmnschtcn Monoschichten fuhren, auch d
Maxima in der Oberflichenscherviskositit und d
Minima in der Draingeschwindigkeit und damit d
Maxima in der Schaumstabilitit bedingen.
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