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s Synergism in Binary Mixtures of Surfactants. 7. Synergism in
Foaming and its Relation to Other Types of Synergism’

Milton J. Rosen and Zhen Huo Zhu

Surfactant Research institute, Brooklyn Coliege, City University of New York, Brooklyn, N.Y. 11210

The relationship between synergism in Ross-Miles
foaming and the existence of other types of synergism
in binary mixtures of surfactants has been investigated.
All studies were conducted in solutions of constant
ionic strength (0.1 M NaCl) at 25 and/or 60 C. Six
anionic-zwitterionic or anionic-nonionic mixtures and a
sodium dodecylbenzenesulfonate (LAS)-soap mixture,
all consisting of commercial surfactants, were studied.
Synergism in foaming effectiveness, measured hy initial
foam heights, appears to be related to synergism in
surface tension (y} reduction effectiveness, but not to
synergism in y reduction efficiency or in mixed micelle
formation. The LAS-soap system showed negative
synergism in foaming effectiveness, correlated with
negative synergism in y reduction effectiveness, the
conditions for which are defined. There appears to be
no correlation between synergism in foaming efficiency
and synergism in either y reduction efficiency or mixed
micelle formation. There also appears to be no unam-
biguous relationship between foam stability, measured
by the ratio of the 5-minute to the initial foam height,
and the average area per surfactant molecule at the
aqueous solution/air interface,

In previous publications on synergism in binary mix-
tures of surfactants in aqueous solution (1-4), we have
discussed surface tension reduction and mixed micelle
formation. In this paper we investigate synergism in
foaming and its relationship to the types of synergism
previously studied. In addition, we apply our treatment
of synergism for the first time to commercial materials,
rather than to highly purified surfactants. We also
encounter and discuss the phenomenon of negative
synergism.

Three types of synergism for binary mixsures of
surfactants in aqueous solution have been distinguished
and investigated in previous publications: (i) surface
tension reduction efficiency, when a given surface ten-
sion (reduction) is attained at a total mixed surfactant
concentration less than that required for either com-
ponent of the mixture; (ii) synergism in mixed micelle
formation, when the eme of the mixture is less than
that of either component by itself; (iii) synergism in
surface tension reduction effectiveness, when the sur-
face tension of the mixture at its critical micelle concen-
tration (cmc) is less than that attained with either
component by itself. Synergism of the first type depends
upon the value of o, the interaction parameter for
mixed monolayer formation at the aqueous soluition/air
interface; of the second type, on the value of M, the

'Presented in part at the American Oil Chemists’ Society meet-
ing in New Orleans in May 1987.

interaction parameter for mixed micelle formation in
aqueous solution; of the third type, on the values of
both f° and pM.

These parameters are evaluated from surface tension
(y)-molar concentration (C) data for the two individual
surface-active components of the system and at least
one mixture of them, by use of the equations:
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For the determination of g0, C|, C, and C,, are the
total molar concentrations of surfactant 1, surfactant 2
and their mixture, at mole fraction, a, of surfactant 1
in the total surfactant in the aqueous phase, respec-
tively, required to attain the same surface tension value
at a given temperature. Using these quantities, equa-
tion 1 is solved numerically for X, the mole fraction of
surfactant 1 in the mixed monolayer of surfactant at
the aqueous solution/air interface [(1-X) is the mole
fraction of surfactant 2], and this is used in equation 2
to evaluate p°. For evaluating pM, CY¥, C¥, and C}
are the cmcs of surfactant 1, surfactant 2 and their
mixture, respectively, at a mole fraction, «, in the aque-
ous phase at a given temperature. Equation 1 is solved
in this case for XM, the mole fraction of surfactant 1
in the mixed micelle, and this is used in equation 2 to
evaluate M.

The conditions for the existence of synergism in
these three respects are {1,4):
sy reduction efficiency: B is negative;

[z > 1n(C1/C2)]. )
¢ mixed micelle formation: M is negative;
M > 1n(CYIC™).
s y reduction effectiveness: f¢ is negative;
fe— M is negative; fo- M > (y° emel-1v° eme2)/S .

Here, v° ¢mel and y° ¢me2 are the surface tensions
of surfactants 1 and 2, respectively, at their cmcs, and
S is the larger of the slopes of the y-1n C plots for the
two individual surfactants.

We define synergism in foaming effectiveness as
existing when the initial foam height attained by the
mixture of surfactants at a given total concentration
in the liquid phase exceeds that attained by the indi-
vidual surfactants, by themselves, at that same con-
centration in the liquid phase. Six systems, all either
anionic-zwitterionic or anionic-nonionic mixtures, have
been investigated: sodium linear dodecylbenzenesul-
fonate (LAS)-C,N+(CH,),CH,COO~-, LAS-C,;H,,CONH
{CH,),N+(CH,),CH,COO~, LAS-C,;H,;CONH(CH,),N+
(CH3)20_, LAS—Cl1H23CON(CH2CHZOH)2, LAS'CIQst
{OC,H,);,,O0H, and C,;,H,;{0OC,H,},SO-Na+-C;,;H,;
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(OC,H,),,OH. In addition, the system LAS-C,.H,,COO-
Na+, has been investigated.

EXPERIMENTAL

All surfactants were commercial-grade materials, used
as received: sodium linear dodecylbenzenesulfonate
(LAS) - C-550 LLAS (Vista Chemical Co., Ponca City,
Oklahoma); C,;H,,CONH(CH,);N+(CH,),O- - Monalux
CAO (Mona Industries, Paterson, New Jersey);
C,,H:N+(CH,),CH,COO- Mirataine CDMB (Miranol
Chemical Co., Dayton, New Jersey); C,;H,;CON
(C,H,OH),- Monamid 150 LWA (Mona Industries);
C,.H,;(OC,H,},SO-Na+- Texapon N25; C,H,;
(OC,H,);,OH- Dehydol 100 (Henkel, KGaA,
Diisseldorf, Germany); palmitic acid (Eastman Kodak
Co., Rochester, New York). Sodium chloride (analytical
reagent) was baked at red heat for at least eight hr
before use, to decompose any surface-active material.

To ensure that comparisons between solutions of
different ionic surfactants would be made at the same
ionic strength, all surfactant solutions were made in
0.1N NaCL

Be and fM values were determined from plots of y
versus the log of the total molar concentration of sur-
factant (log C) in the aqueous solution in the manner
described above. All surface tension measurements
were at 25 C = 0.1 C, using the Wilhelmy plate tech-
nique described previously (3).

Foaming data in 0.1N NaCl were obtained by the
Ross-Miles method (5). Initial and five-min foam heights
were measured. The ratio of the five-min foam height to
the initial foam height was termed the foam stability.
Since foam heights generally fall off below the cme, all
foaming data were taken on solutions with surfactant
concentrations at least 20 times the cme. Values listed
are the average of three or four runs in each case.

TABLE 1

The area per molecule (A/mol) at the aqueous solu-
tion/air interface, in A2, was determined from the maxi-
mum slope of the y-log C plot, by use of the relationship:
A/mol = 2.303 X 10RT/slope X N, where N is Avo-
gadro’s number, R is 8.31 X 107 ergs mol! °K-, and y
is measured in dyne cml. The cmc was taken as the
point of intersection of the line of maximum slope of
the y-log C plot with the linear portion of the plot above
the discontinuity.

RESULTS AND DISCUSSION

From plots of y versus log C for the individual surfac-
tants and their mixtures in 0.1N NaCl at 25 C, p- and
pM were evaluated using equations 1 and 2. These were
compared with 1n C,°/C,°, In C;M/CM, and (y° cmcl-y°
cmc2)/S, to determine whether synergism in surface
tension reduction efficiency, micelle formation, or sur-
face tension reduction effectiveness, could exist.

These synergism parameters are listed in Table 1.
They are consistent with previous data on mixtures of
highly purified surfactants (2 - 4,6) indicating that: (i}
anionic surfactants interact much more strongly
with zwitterionics than with nonionics, especially at
pH<7; (ii) in anionic-polyoxyethylenated nonionic mix-
tures, attractive interaction between the two surfactants
in mixed micelles is often stronger than in mixed mono-
layers (M is more negative than fi¢); (iii) there is a small
decrease in the strength of the attractive interaction
between two surfactants with increase in temperature.

The somewhat larger than expected fic and M values
for the LAS-C,,CONH(CH,),N+(CH,),CH,COO- and
LAS-C,;CONH(CH,),N+(CH,),O- systems is probably
due to the known presence of unreacted C,,;CONH
(CH,);N(CH,), in these systems. (A large dip was ob-
served near the CMC in the y-log C plot of each of these

Synergism Parameters for Systems Investigated in 0.1N NaCl at 25 C

y Reduction efficiency

Mixed micelle formation  y Reduction effectiveness

System pe [1n{C,9/C4%)] i [1n(C;MIC,M)] -8 [¥°eme17°eme2S]

1. LAS-C;,N*+(CHy),CH,CO0- 3.8 0.001 2.9 0.13 0.9 0.045
(pH = 5.8)

2. LAS-C,,N+CH,),CH,C00- 2.9 0.05 7 0.29 1.2 0.14
(pH = 9.3)

3. LAS-C,,CONH(CH,)sN+(CH,),CH,COO- -5.8 0.51 -5.1 0.63 0.7 0.10
(pH = 5.8)

4. LAS-C,;CONH(CH,);N+(CH;),0- 18 0.49 6.7 0.79 11 0.17
{pH = 5.8) -6.3¢ 0.512 ~5.6% 0.30¢ -0.7¢ 0.37¢

5. LAS-C,,CON(C,H,OH), 2.4 0.19 -15 0.12 ~0.9 0.44
pH = 5.8)

6. LAS-C;EOq, -2.4 1.24 -2.7 1.16 +0.3 0.081

7. C,,(E0),80,Na-C;,EO;, 2.1 0.9 2.3 0.51 +0.2 013
(pH = 5.8)

8. LAS-C;;CO0-Na* +2.40 1.040 +0.940 0.65¢  +1.460 0.83¢

{pH = 10.6-10.7)

2At 60 C.
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FI1G. 1. Initial foam helght at 60 C vs « for LAS'012H25N+‘CH3)2
CH,COO™ mixtures (0.25% conc). ,pH58 - -~ - ,pH 9.3.
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FIG. 2. Initial foam height at 60 C vs « for mixtures of’
LAS-C;;CONH (CH,)3N+(CH3),CH,COO™; - - ~ ~, LAS- CnCONH
(CH2)3N+(CH3)20 at 0.25% conc.

zwitterionics by itself.) For the systems investigated,
the data at 60 C parallel those at 25 C, and the same
types of synergism (or absence thereof) are shown at
both temperatures.

Foam effectiveness. Figures 1-3 are plots of initial
foam height vs a,, the mole fraction of the non-anionic
component of the mixture, for 0.25% solutions of the
individual surfactants and their mixtures in 0.1N
aqueous NaCl, using the Ross-Miles technique. From
the plots, it is apparent that synergism in foaming
effectiveness {i.e., when the mixture can attain an initial
foam height greater than that shown by either surfac-
tant of the mixture by itself) exists in some of these
systems. The existence of synergism in y reduction or
in mixed micelle formation is determined by comparing
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FIG. 3. Initial foam height vs o for Cyp(E0)SONa - CpEOy,
mixtures (0.25% conc). ,60C, -~~~ 25C.

the synergism parameters listed in Table 1 with the
conditions for synergism listed above. The existence of
synergism in foaming effectiveness is determined from
plots of initial foam height vs a.

Systems 1-7, Table 1, all showed synergism in y
reduction efficiency and in mixed micelle formation.
However, only systems 1-5 showed synergism in y
reduction effectiveness. The other two systems {6 and 7)
showed no synerglsm in y reduction effectiveness and
no synergism in foaming effectiveness.

It therefore appears that synergism in foammg
effectiveness correlates only with synergism in y
reduction effectiveness, not with synergism in mixed
micelle formation or in y reduction efficiency. This is
reasonable, in view of our previous data using this
foaming technique (7) that show that initial foam height
increases as y is reduced. Therefore, if the mixture can
reach a lower value of y than attainable with its com-
ponent surfactants by themselves (i.e., it shows syner-
gism in y reduction effectiveness), it should produce a
greater initial foam height than its component
surfactants.

The LAS-C,;CO0O-Na+ system (8, Table 1) shows
negative synergism in foaming effectiveness (Fig. 4),
ie., the mixture at certain « values produces a foam
helght lower than that of either surfactant by itself at
the same concentration. This system also shows
negative synergism in y reduction effectiveness, i.e.,
the minimum y value for the LAS-C,;CO0O-Na+ mix-
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FIG. 4. Initial foam height at 60 C vs {C;;CO0-Na+) for
LAS-C;COO~Na* mixtures (0.25% conc).

1.0

tures at « 0.15 (C,,COO-Na*) is greater than that
for either surfactant o% the mixture by itself.

This is consistent with the data for other systems
investigated that show that (positive) synergism in
foaming effectiveness is related to (positive) synergism
in y effectiveness.

Although it is commonly believed that the use of
soap as a foam depressant in laundry detergents is due
to the formation of foam-breaking calcium soap as a
result of the reaction of the soap with Ca2+ in the
water, our results indicate that this foam depression
can be obtained even in the absence of Ca2+ and that it
is associated with an increase in the surface tension of
the solution.

In order to determine whether this increase in the
surface tension and decrease in foaming might be due
to the presence of some free fatty acid in the interfacial
film as a result of partial hydrolysis of the soap there,
one mg of free fatty acid was added to one 1 of the
0.25% LAS solution at a pH of 6.28. Foaming and
surface tension measurements showed no significant
decrease in either the initial foam height or the foam
stability and no increase in the surface tension of the
solution.

From our previous investigation of synergism in y
reduction effectiveness (4), the conditions for negative
synergism in y reduction effectiveness are: (i) fo - pM
must be positive; (ii) o - pM >|{y°CMCTCMC2)/S|.
Examination of the synergism parameters for the
LAS-C,;CO0-Na+ system listed in Table 1 shows that
this system does indeed meet these conditions. This
phenomenon of negative synergism is being investi-
gated further.
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FIG. 5. Initial foam height vs total surfactant concentration for LAS, CysN*(CHy),CH,COO, and their

mixtures at « = 0.5 (in 0.1N NaCl, pH 9.3, 60 C). o,

CH,COO™ mixture; o = 0.5.
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SYNERGISM IN FOAMING

TABLE 2

Average Area/Surfactant Molecule at the Aqueous Solution/Air Interface and

Foam Stability in 0.IN NaCl)

A/mol (A2) Foam stability

System a 25C 60C 25 C 60 C
LAS’012N+{CH3)2CH2000‘ 0 46 0.95
{pH = 5.8) 0.5 36 0.98
1.0 41 0.15

LAS-C;,N+{CH,),CH,COO0- 0 46 0.94
(pH = 9.3) 0.5 36 0.98
1.0 45 0.17

LAS-C,,CONH(CH,),N+{CH,),CO0O- 0 46 0.95
{pH = 5.8) 0.5 31 0.89
1.0 34 0.96

LAS-C,;CONH(CH,),N+(CH,),0~ 0 46 59 0.95
0.4 - 40 0.98

{pH = 5.8) 0.5 36 - 0.96
1.0 31 39 0.99

LAS-C,;CON(C,H,0H), 0 46 59 0.98
(pH = 5.8} 0.5 38 41 0.98
1.0 34 42 0.60

LAS-C,,EOy, 0 46 0.97 0.95
(pH = 5.8 0.24 47 0.94 0.47
0.76 53 0.98 0.20

1.0 47 0.97 0.15

C15(E0)S0,-Na+-C,EO,, ) 42 0.97 0.99
{pH = 5.8) 0.75 51 0.98 0.38
1.0 47 0.97 0.15

LAS‘C15COO_N3+ 0 59 0.95
(pH = 10.6-10.7) 0.15 58 0.29
1.0 31 0.98

@Mole fraction of the surfactant listed second in the system.

Foaming efficiency. There appears to be no firm
correlation between synergism in y reduction efficiency
(or in mixed micelle formation) and synergism in foam-
ing efficiency (when the mixture can attain a given
initial foam height at a concentration lower than that
of either surfactant of the mixture by itself). This is
shown in Figure 5, where initial foam height is plotted
as a function of the total surfactant concentration in
the aqueous phase for the LAS-C,,N+(CH,),CH,COO-
system at pH 9.3. Although this system shows syner-
gism in y reduction efficiency (and in mixed micelle
formation) with maximum synergism in both these
respects at a=0.5, and this (1:1) mixture shows at about
10-4 total molar surfactant concentration a y value lower
than that of either surfactant by itself, the plots in
Figure 5 show that LAS by itself is more efficient than
the 1:1 mixture until a concentration of about 50 X 10-4
molar is reached.

Foam stability. There appears to be no unanbiguous
relationship between foam stability, as measured by
the ratio of the five-min to the initial foam height, and
the packing of the surfactant molecules at the aqueous
solution/air interface, either at 25 or 60 C. This is
apparent from the data listed in Table 2. In the cases
where foam stability is poor (<0.80), it appears to be
due not to loose packing of the surfactant molecules at
the interface, but to limited solubility of one of the

surfactants of the mixture. Thus, the poor foam stability
of C,;,CON(C,H,OH),, by itself, in 0.1N agqueous NaCl
solution at 60 C is probably due to its insolubility, as
evidenced by the cloudiness of the solution. Foaming
data at 25 C were, consequently, in most cases unre-
liable as a means of correlating foaming performance
with fundamental surface properties, because some of
the products formed by the interaction between the
two surfactants in the mixture had limited solubility at
25 C. This was evidenced by the formation of opalescent,
cloudy, or viscous solutions at some values of a. Gener-
ally, these solutions showed greatly reduced foam
heights.

On the other hand, both anionic - C,,EO,, systems
showed good foam stability at 25 C but very poor foam
stability at 60 C, which may reflect the approach, at
the higher temperature, to the 76 C cloud point of
C12EO;,.

ACKNOWLEDGMENT

This material is based upon work supported in part by the
National Science Foundation under Grant #CBT-8413162. The
receipt of technical data and samples of commercial surfactants
from Henkel, Miranol Chemical Company, Mona Industries and
Vista Chemical Company is gratefully acknowledged.

JAOCS, Vol. 65, no. 4 (April 1988)



668

M.J. ROSEN AND ZH. ZHU

REFERENCES 5. Ross, J., and G.D. Miles, ASTM Method D1173-53; Oil and
_ ' Soap 18:99 (1941).
1. Hua, X.Y,, and M.J. Rosen, J. Colloid Interface Sci. 90:212 6. Rosen, M.J., and F. Zhao, J. Colloid Interface Sci. 95:443

(1982). (1983).
2. (1}858921;, M.J., and X.Y. Hua, J. Am. Oil. Chem. Soc. 59:582 7. Rosen, M.J., and J. Solash, J. Am. Oil Chem. Soc. 46:399
. (1969).
3. (Rosen, M.J., and B.Y. Zhu, J. Colloid Interface Sci. 99:427
1984).
4. Zhu, B.Y., and M.J. Rosen, Ibid. 99:427 (1984). [Received May 19, 1986; accepted July 2, 1987]

JAQCS, Vol. 65, no. 4 (April 1988)



