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 Synergism in Binary Mixtures of Surfactants. 7. Synergism in 
Foaming and its Relation to Other Types of Synergism 1 
Milton J. Rosen and Zhen Huo Zhu 
Surfactant Research institute, Brooklyn College, 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 NaCD 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 by initial 
foam heights, appears to be related to synergism in 
surface tension (y) reduction effectiveness, bw~ 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 ), reduction efficiency c~r mixed 
micelle formation. There also appears to be n,~ 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 bim~y 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 mixl:ures 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 cmc 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 miceUe concen- 
tration (cmc} is less than that attained wit:h either 
component by itself. Synergism of the first type depends 
upon the value of /3o, the interaction parameter for 
mixed monolayer formation at the aqueous solution/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/3° and/3M. 

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: 

X2 ln(C12a/ClX} = 1 [1] 
(l-X) 2 In [C12(1-a)/C2(1-X)] 

and 
in  (C12afC,X} 

/~ - [2] 
(l-X)2 

For the determination of /3o, C ~, C ~ and C12 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 [(l-X} is the mole 
fraction of surfactant 2], and this is used in equation 2 
to evaluate /3 °. For evaluating /3 M, C M, C M, and C M 
are the cmcs of surfactant 1, surfactant 2 and their 
mixture, respectively, at a mole fraction, a, in the aque- 
ous phase at a given temperature. Equation 1 is solved 
in this case for X M, the mole fraction of surfactant 1 
in the mixed micelle, and this is used in equation 2 to 
evaluate/3 M. 

The conditions for the existence of synergism in 
these three respects are (1,4): 
• y reduction efficiency: flo is negative; 

[~o > ln(C~lC~)]. 
• mixed micelle formation: /~M is negative; 

/3M > ln(CM/cM). 
• y reduction effectiveness: /3o is negative; 

/3o-/]M is negative; po-/3M > {),o cmcl_lyO cmc2}/S . 
Here, yo cmcl and yo cmc2 are the surface tensions 

of surfactants 1 and 2, respectively, at their cmcs, and 
S is the larger of the slopes of the y-ln 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)-C12N+(CH3)2CH2COO -, LAS-CltH23CONH 
(CH2}3N+(CH3)2CH2COO -, LAS-C~lH23CONH(CH2)3N + 
(CH3)20-, LAS-CllH28CON(CH2CH2OH}2, LAS-C12H25 
(OC2H4),0OH, and C12H2s(OC2H4)2SO-Na+-C12H25 
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(OC2H4)10OH. In addition, the sys tem LAS-C15H31COO- 
Na+, has been investigated. 

EXPERIMENTAL 

All sur fac tan t s  were commercial-grade mater ials ,  used 
as received: sodium linear dodecylbenzenesul fonate  
(LAS) - C-550 LAS (Vista Chemical Co., Ponca City, 
Oklahoma); CllH2~CONH(CH2)3N+(CH3)2 O- - Monalux 
CAO (Mona  I n d u s t r i e s ,  P a t e r s o n ,  New J e r s e y ) ;  
C12H25N+(CH3)2CH2COO - Mira ta ine  CDMB iMiranot 
Chemica l  Co., D a y t o n ,  New Je rsey) ;  C~lH23CON 
(C2H4OH)2- M o n a m i d  150 L W A  (Mona Indust r ies) ;  
CI2H2~(OC2H4)2SO-Na+- T e x a p o n  N25; C12H2~ 
(OC~H4)loOH- Dehydo l  100 (Henkel ,  K G a A ,  
Dtisseldorf, Germany);  palmitic acid (Eas tman  Kodak  
Co., Rochester,  New York). Sodium chloride (analytical 
reagent) was baked a t  red heat  for at  least  eight  hr 
before use, to decompose any  surface-active material .  

To ensure tha t  compar isons  between solutions of 
different ionic sur fac tan ts  would be made at  the same 
ionic s t rength,  all su r fac tan t  solutions were made in 
0.1N NaC1. 

~o and ]~M ValUeS were de te rmined  f rom plots  of )' 
versus  the log of the to ta l  molar  concentrat ion of sur- 
fac tan t  (log C) in the aqueous solution in the manner  
described above. All surface tension m e a s u r e m e n t s  
were a t  25 C _ 0.1 C, us ing  the Wilhelmy pla te  tech- 
nique described previously (3). 

Foaming  da ta  in 0.1N NaC1 were obtained by  the 
Ross-Miles method (5). Initial and five-min foam heights 
were measured.  The ra t io  of the  five-min foam height  to 
the initial foam height  was t e rmed  the foam stabil i ty.  
Since foam heights  generally fall off below the cmc, all 
foaming da ta  were t aken  on solutions wi th  sur fac tan t  
concentrat ions a t  leas t  20 t imes the  cmc. Values l isted 
are the average  of three or four runs  in each case. 

The area per molecule (A/mol) a t  the aqueous solu- 
tiordair interface, in ~,2, was  determined f rom the maxi-  
m u m  slope of the ),-log C plot, by  use of the relationship: 
A/mol -- 2.303 × 1016RT/slope × N, where N is Avo- 
gadro ' s  number,  R is 8.31 X 107 ergs mol "~ °K-~, and )' 
is measured  in dyne cm-1. The cmc was t aken  as the 
point  of intersect ion of the  line of m a x i m u m  slope of 
the ),-log C plot  with the linear port ion of the plot  above 
the discontinuity.  

RESULTS AND DISCUSSION 

F r o m  plots  of y versus  log C for the individual surfac- 
t an t s  and their  mix tures  in 0.1N NaC1 at  25 C,/3o and 
f~M were evaluated using equat ions 1 and 2. These were 
compared  with in  C~°/C2 °, i n  C1M/C2 M, and ()'° cmcl .y  ° 
cmc2)/S, to determine whether  synergism in surface 
tension reduction efficiency, micelle formation,  or sur- 
face tension reduction effectiveness,  could exist. 

These synerg ism pa ramete r s  are l isted in Table 1. 
They are consis tent  with previous da ta  on mixtures  of 
highly purified sur fac tan ts  (2 - 4,6) indicating that:  (i) 
an ion ic  s u r f a c t a n t s  i n t e r a c t  m u c h  m o r e  s t r o n g l y  
with zwitterionics than  with  nonionics, especially at  
pH<7;  (ii) in anionic-polyoxyethylenated nonionic mix- 
tures, a t t ract ive  interaction between the two surfactants  
in mixed micelles is of ten s t ronger  than  in mixed monc- 
layers (/~M is more negat ive  than/3o); (iii) there is a small  
decrease in the s t reng th  of the a t t rac t ive  interact ion 
between two sur fac tan t s  with increase in tempera ture .  

The somewhat  larger  t han  expected f3o and/3M values 
for the  LAS-C10CONH(CH2)3N+(CH3)2CH2COO - and  
LAS-CllCONH(CH2)aN+(CH3)20 - sy s t ems  is p robab ly  
due to the  known presence  of un reac t ed  C11CONH 
(CH~)3N(CH3) 2 in these sys tems.  {A large dip was ob- 
served near  the CMC in the  ),-log C plot  of each of these 

TABLE 1 

Synergism Parameters for Systems Investigated in 0.1N NaC1 at 25 C 

y Reduction efficiency Mixed miceUe formation y Reduction effectiveness 

System po [ln(ClOlC2o)] ~o [ln(C1M/C2M)] (/~-/3M) D, Ocmcl.rOcmc2)S ] 

1. LAS-C12N+(CH3)2CH2COO - -3.8 0.091 -2.9 0.13 -0.9 0.045 
(pH = 5.8) 

2. LAS-C12N+(CH3)2CH2COO- -2.9 0.05 -1.7 0.29 -1.2 0.14 
(pH = 9.3) 

3. LAS-C11CONH(CH2)3N+(CHa)2CH2CO0- -5.8 0.51 -5.1 0.63 -0.7 0.10 
(pH = 5.8) 

4. LAS-CllCONH(CH2)3N+(CH3)20 - -7.8 0.49 -6.7 0.79 -1.1 0.17 
(pH = 5.8} -6.3 a 0.51 a -5.6 a 0.30 a -0.7 a 0.37 a 

5. LAS-C11CON(C2H4OH)2 -2.4 0.19 -1.5 0.12 -0.9 0.44 
(pH = 5.8) 

6. LAS-C12EO10 -2.4 1.24 -2.7 1.16 +0.3 0.081 
7. C12(EO)2SO4Na-C12EOI0 -2.1 0.9 -2.3 0.51 +0.2 0.13 

(pH -- 5.8) 
8. LAS-C15COO-Na + +2.4 a 1.04 a +0.94 a 0.65 a +1.46 a 0.83 a 

(pH = 10.6-10.7) 

aAt  60 C. 
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FIG.  1. Ini t ial  foam height  at  60 C vs  a for  LAS-C12H25N+(CH3)2 
CH2COO- mix tu re s  (0.25% conc}. ~ ,  p H  5.8; . . . . .  , p H  9.3. 
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FIG.  2. Ini t ial  foam height  at  60 C vs  a for mix tu res  of ~ , 
LAS-Cl lCONH (CH2)3N+(CH3)2CH2COO-; . . . .  , L A S - C u C O N H  
(CH2)3N+(CH3)2 O- at  0.25% conc. 

zwitterionics by itself.} For the systems inw~.stigated, 
the data at 60 C parallel those at 25 C, and the same 
types of synergism (or absence thereof} are :~hown 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% solutio~]s of the 
individual surfactants and their mixtures in 0.1N 
aqueous NaC1, 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 miceUe formation is determined by comparing 
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FIG.  3. Ini t ial  foam height  vs  a for  C12(EO)2SO4Na - ClzEOlo 
mix tu r e s  {0.25% conc). ~ , 60 C; . . . .  , 2 5  C. 

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 7 
reduction effectiveness. The other two systems (6 and 7) 
showed no synergism in y reduction effectiveness and 
no synergism in foaming effectiveness. 

I t  therefore appears that  synergism in foaming 
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 r is reduced. Therefore, if the mixture can 
reach a lower value of r than attainable with its com- 
ponent surfactants by themselves {i.e., it shows syner- 
gism in y reduction effectiveness), it should produce a 
grea ter  init ial  foam height  than  i ts  component  
surfactants. 

The LAS-C15COO-Na + system (8, Table 1) shows 
negative synergism in foaming effectiveness {Fig. 4), 
i.e., the mixture at certain a values produces a foam 
height 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 r value for the LAS-ClsCOO-Na+ mix- 
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FIG.  4. Init ia l  foam height  at 60 C vs a(C15COO-Na +) for 
LAS-C15COO-Na+ mixtures (0.25% conc). 

tures  at  a = 0.15 (C15COO-Na+} is greater  than  tha t  
for either sur fac tan t  of the mixture  by  itself. 
This  is consis tent  with the da ta  for other  sy s t ems  
inves t iga ted  t ha t  show tha t  (positive) synerg ism in 
foaming effectiveness is related to (positive) synerg i sm 
in y effectiveness. 

Al though it  is commonly  believed tha t  the use of 
soap as a foam depressant  in laundry  detergents  is due 
to the format ion of foam-breaking calcium soap as a 
resu l t  of the  reac t ion  of the  soap  wi th  Ca 2+ in the  
water,  our resul ts  indicate t ha t  this foam depression 
can be obtained even in the absence of Ca2+ and tha t  i t  
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 migh t  be due 
to t h e  presence of some free f a t t y  acid in the interfacial 
film as a resul t  of par t ia l  hydrolysis  of the soap there, 
one m g  of free f a t t y  acid was added to one 1 of the  
0.25% LAS solution a t  a p H  of 6.28. Foaming  and 
surface tension measuremen t s  showed no significant 
decrease in ei ther the initial foam height  or the foam 
stabi l i ty  and no increase in the  surface tension of the  
solution. 

F rom our previous invest igat ion of synerg ism in y 
reduction effectiveness (4), the conditions for negat ive  
synerg ism in y reduction effectiveness are: (i) /3 ° - ~3 M 

m u s t  be positive; (ii) f~o- /~M >I(yOCMC-rCMC2)/SI. 
Examina t i on  of the  syne rg i sm p a r a m e t e r s  for the  
LAS-C15COO-Na+ sys t em listed in Table 1 shows tha t  
this sys t em does indeed meet  these conditions. This 
phenomenon of negat ive  synerg i sm is being investi- 
ga ted  further.  
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FIG. 5. Initial foam height vs total surfactant concentration for LAS, C12N+(CH3)2Cl-I2COO -, and their 
mixtures at ~ = 0.5 (in 0.1N NaCl, pH 9.3, 60 C). o, LAS; X,C12N+(CH3)2CH2COO-; A, LAS-C12N+(CH3) 2 
CH2COO- mixture; a = 0.5. 
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TABLE2 

Average AreatSurfactant Molecule at the Aqueous Solution/Air Interface and 
Foam Stability {in 0.1N NaCI} 

A/mol (~2) Foam stability 
System a a 25 C 60 C 25 C 60 C 

LAS-C12N +(CH~)2CH2COO - 0 46 0.95 
(pH = 5.8) 0.5 36 0.98 

1.0 41 0.15 
LAS-C12N+(CHa)2CH2COO - 0 46 0.94 

(pH - 9.3) 0.5 36 0.98 
1.0 45 0.17 

LAS-C1 tCONH{CH2)3N +{CHa)~:COO- 0 46 0.95 
{pH = 5.8) 0.5 31 0.89 

1.0 34 0.96 
LAS-CllCONH(CH2)3N+(CH3)~O- 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'CllCON(C2H4OH)2 0 46 59 0.98 

(pH = 5.8) 0.5 38 41 0.98 
1.0 34 42 0.60 

LAS'C12EOlo 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 

C12(EO)2SO4-Na+-C12EOlo 0 42 0.97 0.99 
(pH -- 5.8) 0.75 51 0.98 0.38 

1.0 47 0.97 0.15 
LAS-C15COO-Na+ 0 59 0.95 

(pH = 10.6-10.7) 0.15 58 0.29 
1.0 31 0.98 

aMole fraction of the surfactant; listed second in the system. 

Foaming efficiency. There appears to be no firm 
correlation between synergism in y reduction efficiency 
tor in mixed miceUe formation} and synergism in foam- 
ing efficiency {when the mixture can at tain a given 
initial foam height at  a concentration lower than tha t  
of either surfactant  of the mixture by itself}. This is 
shown in Figure 5, where initial foam height is plot ted 
as a function of the total  surfactant  concentration in 
the aqueous phase for the LAS-C12N+(CH3)2CH~COO- 
sys tem at pH  9.3. Al though this sys tem shows syner- 
gism in y reduction efficiency {and in mixed miceUe 
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 r value lower 
than that  of either surfactant  by  itself, the plots in 
Figure 5 show tha t  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 unambiguous 
relationship between foam stability, as mea.,mred by 
the ratio of the f iv~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 appe~¢s 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 CllCONtC2H4OH)2, by itself, in 0.1N aqueous NaC1 
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 great ly  reduced foam 
heights. 

On the other hand, both anionic - C12EO10 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 
C12EOlo. 
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