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Bar Soap Aging 
Several samples o f  commerc ia l  and exper imenta l  bar soaps 
containing BHT were analyzed at various t ime periods in 
order  to mon i to r  the e f fec t  of  aging on BHT content .  As 
indicated in Table III, bar soap C, initially prepared with 
150 ppm of  BHT, al though showing a fairly steady decrease 
of  an t iox idan t  con t en t  with t ime, still conta ined  85 ppm 
of BHT after  18 mon ths  aging at ambient  tempera ture .  
However ,  because addit ional  aging exper iments  have indi- 
cated that  BHT stability is apparent ly quite dependen t  
upon  certain sample compos i t ion  and storage factors,  the 
mon i to r ing  o f  BHT levels for  both fo rmula t ion  and storage 
studies will be o f  cont inuing  interest  in our  laboratory .  
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Synergism in Binary Mixtures of Surfactants: 
II. Some Experimental Data 
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ABSTRACT 

The conditions derived previously for three types of synergism in 
aqueous binary mixtures of surfactants-mixed micelle formation, 
surface tension reduction efficiency, and surface tension reduction 
effectiveness-are reviewed and verified by use of experimental data 
from the chemical literature. They involve the experimentally deter- 
mined parameters, /3 and ~3 M, related to the interaction between the 
two surfactants in the mixed monolayer at the aqueous solution/air 
interface and in the mixed micelle, respectively. The experimental 
data needed to determine whether a binary surfactant system is 
capable of synergism in these respects are: (a) the surface tension/ 
log concentration curves of the individual surfactants in the vicinity 
of their critical micelle concentrations (cmc); (b) the cmc of at least 
one mixture of the two surfactants; and (c) the solution phase con- 
centration of at least one mixture of the two surfactants needed to 
produce a surface tension attainable by both individual surfactants. 
From the available data, some tentative generalizations regarding the 
effect of chemical structure and the molecular environment of the 
values of B and ~M have been made. 

For  the past  few years, we have been s tudying the inter- 
facial proper t ies  o f  aqueous  solutions conta ining two sur- 
factants and the degree of  molecular  in teract ion be tween  
the surface-active components .  Recent ly  (1), we have 
derived equat ions  showing the condi t ions  necessary for  
synergism in these systems. To  date, we have investigated 
synergism in three areas: (a) mixed  micelle fo rmat ion  ; (b) 
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surface tension reduct ion  eff ic iency;  and (c) surface tension 
reduct ion effectiveness.  

The  relationships derived all involve a molecular  inter- 
action parameter , /3 ,  that  is de te rmined  exper imenta l ly .  The 
basic equat ions  for de termining the value of/3 are: 

X 2 In -Ct:a 
C~X 

= 1 [11 
C12(1-~) 

(l-X): I n -  
C2(1-X) 

C12 
I n - -  

C1X 
/3 = [21 

(l-X) 2 

where e l ,  C2, and Ct2 are the solut ion phase concentra-  
tions of  surfactants  1 and 2 and their  mix ture ,  respect ively,  
required to produce  a given e f fec t ;  ~ is the mole  fract ion of  
surfactant  1 in the total  mixed  surfactant  in the solut ion 
phase; and X is its mole  f ract ion in the  to ta l  mixed  surfac- 
tant  in the  surface phase. In these equat ions,  the  only quan- 
ti t ies that  must  be measured exper imenta l ly  are C t ,  C2, and 
C12. Equat ion  1 is solved numerical ly  for  the value of  X 
and the value of/3 is then obta ined  f rom Equat ion  2. 

Synergism in Mixed Micelle Formation 
Synergism in this respect  is present  when the critical miceUe 
concent ra t ion  (cmc) of  any mix ture  is lower  than those of  
both  surfactants in the mix ture .  Here,  the exper imenta l  
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values re~tuired are the cmc of the two individual surfac- 
tants, C~ ~t and C M, and the cmc, C M, of at least one mix- 
ture of the two, all in aqueous medium at the same tem- 
perature. From these values, ~M, the parameter related to 
the degree of molecular interaction between the two sur- 
factants in the mixed micelle, is calculated by equations 
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FIG. 1: Synergism in mixed micelle formation.  Logarithm o f  the 
cmc, C~2, o f  the mixture vs a,  the mole  fraction o f  surfactant 1 in 
the total suffactant in the solution phase. Lg C 1 2 H z s S O 4 N a / C a H t  ~ 
(OC2H4)4OH at 25 C. 3 M = -5.1; I In c M / c  M I= 0.13.  Data from 
reference 7 . , ~  Cx0H21S(O)CH3/CIoH21(OC2H4)3 at 25 C. 3 M = 
-0.09; l in Clm/C~ I = 1.18. Data from reference 8. e ( C m H ~ S O ~ )  ~ 
M/CmH2s(OC2H,)~9OH at 30 C (M = Zn++~ Mn ++, Cu++~-Mg +¢. 
3 M = -3.1; I In c M ] c  M I = 1.0. Data from reference 9. O CmHzsSO 4 
Na/CmH2s(OC2H,)sOH at 25 C. BM _- -3.9; I In c M / c  M I= 4.4. Data 
from reference 7. 

analogous to Equations 1 and 2,  above. 
The conditions for synergism in mixed micelle formation 

are (1): (a) 3 M must be negative; and (b) I in (cM/c M) I< 
I 3 M I. Figure 1 shows the cmc as a function of a in a num- 
ber of binary systems of surfactants. It illustrates the re- 
quirement that I In cM/c  M I must be less than 13 M I for 
synergism to occur. 

At the point of maximum synergism in mixed micelle 
formation, the mole fraction, a M of surfactant 1 in the 
solution phase equals its mole fraction in the mixed micelle 
and is given by the relationship: 

aM = xM = In (cM/c M) + 3 M [31 
23 M 

where X M is the mole fraction of surfactant 1 in the mixed 
micelle. The cmc at the point of maximum synergism, i.e., 
the minimum total mixed surfactant concentration in the 
solution phase required for mixed miceUe formation, 
cM mi~, is given by the relationship: 

C M ' - C Mexp -M//~M'lnCM/cM~{ 
,2,mm - lfs ]k- 2 ~  )]  [ 4 ]  

Table 1 lists some data illustrating these relationships. 

Synergism in Surface Tension Reduction Efficiency 
The efficiency of surface tension reduction by a surfac- 
tant has been defined (2) as the solution phase concentra- 
tion required to produce a given surface tension (reduction). 
Synergism in this respect is present in a binary mixture of 
surfactants when a given surface tension (reduction) can be 
attained at a total mixed surfactant concentration lower 
than that required of both surfactants in the mixture. We 
have shown (1) mathematically that the conditions for syn- 
ergism in this respect are: (a) 3 must be negative; and (b) 
[ In C~/C~ I < 13 I, where C~ and C~ are the solution phase 
concentrations of pure, individual surfactants 1 and 2, 
respectively, required to attain a given surface tension 
(reduction). The total mixed surfactant concentration, C12, 
required to give the same surface tension (reduction) is used 
together with C~ and C~ in Equations 1 and 2 to calculate 
3, the parameter that is related to molecular interaction in 
systems showing synergism in this respect. Table III lists 
some data for the system: C12H2sSOsK/Ct2H2sN(CH3)20 
(6) in which this type of synergism is present. It also 
includes data for some hypothetical s~stems in which the 

M M o o M ValUes of C1 , C2 , AI, A2, 3'1 , and ?~( i .e . ,  the cmc,area 

TABLE I 

Synergism in Mixed MiceUe Formation a at 25 C 

CmSO4Na/Ct2(EO)8 b in 0.5 M NaCI 
3 M = -2.6 

C M X 10 s 
X M (mol dm -a) 

CI2SO4Na/Cs(EO)4 c 
,a M = -3.1 

C M X 10 a 
X M (mol dm-3 ) 

0 0 6.0 0 0 7.0 
0.20 0.17 5.4 0.05 0.21 4.8 
0.40 0.26 5.9 0.20 0.35 3.6 
0.60 0.34 7.6 0.50 0.49 3.5 
0.80 0.44 10.5 0.80 0.62 3.9 
0.90 0.53 13.6 0.90 0.70 4.5 
1 1 41.0  1 1 8.0 

~x.M(calc.) = 0.I 3 czM(calc.) = 0.48 
CM, min(calc.) = 5.7 X 10 -s CM,min(calc.)_ = 3.4 X 10 -3 

aData from reference 7. 
bCH~(CH2)It S04 Na/Cm H2s (OC2 H4)8OH 
CCH3 (CH2) t t S04 Na/C s HI ~ (0C2 H4 )4 OH 
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FIG. 2. Synergism in surface tension reduct ion efficiency. Loga- 
r i thm of  the  total  surfaetant  concentrat ion,  C~2, required to attain a 
given surface tension vs ~, the  mole fract ion o f  surfac tant  1 in the 
total surfactant  in the  solution phase.  ~ C~2H2sSO4Na/C8HITOH at 
23 C to produce  3, = 40.3 mN m -1 (dyne cm-~).  3 = -1.7; lln C~/C~ I 
= 1.36. Data  f rom reference 10. o CI2HsSO4Na/CI2Hzs(OC2H4)aOH 
in 0.5 M NaC1 at 25 C to produce  ~ = 36 mN m -~. 3 = -3.2; I In 
C]/C~ I = 1.7. Data  f rom reference 7. ~ C12H2sSO4Na/Ct4H29SO4Na 
in 0.5 M NaCI at 25 C to  produce  ~ = 36 mN m -1. 3 = -0.1; I In 
C ~ / ~  I = 2.4. Data  f rom reference 7. 

the mixed monolayer at the aqueous solution/air interface. 
Figure 2 shows the total surfactant concentration re- 

quired to attain a given surface tension (reduction) as a 
function of  a in a number of  binary surfactant systems. It 
illustrates the requirement that I ln C~/C~ I must be less 
than 13 I for synergism in surface tension reduction effi- 
ciency to occur. 

At the point of maximum synergism, the mole fraction, 
~ . ,  of surfactant 1 in the solution phase equals its mole 
fraction in the mixed monolayer at the aqueous solution/air 
interface, and is given by the relationship: 

In ° ° (C1/C~) + 3 
~ .  = X = [51 

23 

w h e r e  X is t h e  m o l e  f r a c t i o n  o f  s u r f a c t a n t  1 in t h e  m i x e d  
m o n o l a y e r .  T h e  m i n i m u m  s u r f a c t a n t  c o n c e n t r a t i o n  in  t h e  
s o l u t i o n  p h a s e ,  e l 2  rain, r e q u i r e d  to  a t t a i n  a g i ven  s u r f a c e  
t e n s i o n  ( r e d u c t i o n )  Is g i v e n  b y  t h e  e x p r e s s i o n :  

o (3 - 'n c~/c~) ~ 
Cm,mi  n = C~ exp [3 23 l [61 

T a b l e  II l i s t s  s o m e  d a t a  i l l u s t r a t i n g  t h e s e  r e l a t i o n s h i p s .  

Synergism in Surface Tension Reduction Effectiveness 

T h e  e f f e c t i v e n e s s  o f  s u r f a c e  t e n s i o n  r e d u c t i o n  h a s  b e e n  

TABLE II 

Synergism in Surface Tens ion  R e d u c t i o n  Efficiency at 25 C 

CmSO4Na/Cm(EO)8 a in 0.5 M NaC1 

3 = -3.2; ~' = 36 mN m -1 

C m X l0  s 
X (tool dm -3) 

0 0 5.0 
0.20 O.22 4.6 
0.40 O.30 4.9 
O.60 0.38 5.O 
0.80 0.47 6.5 
0.90 0.55 8.7 
1 1 28 

c~,(calc.) = 0.23 
C12,min(calc.) = 4.2 X 10 -s 

aData f rom reference 7. 

TABLE Il l  

Synergism in Surface Tension Reduct ion  Effect iveness  a 

~'12~C 1 
(mN m -  ) 

c~ fl ,cXc fMxM (calc) Synergism 

System: Cl2H2s SO3K/CmH2sN(CH3)20;  3 M = -16.5 ; 3 = -21.6 
0.1 0.0012 0 .0060 21.2 yes 
0.5 0.00375 0.0176 21.6 yes 
0.9 0 .0184 0 .0447 22.3 yes 

(23.6, expd)  

System: hypothetical ;  3 M = -16.5; 3 = -18.0 
0.1 0.0041 0 .0060 31.6 yes 
0.5 0 .0120 0 .0176 31.6 yes 
0.9 0.0311 0.0447 31.7 yes 

System: hypothet ical ;  3 M = -16.5; 3 = -16.5 
0.1 0 .0068 0 .0060 35.9 no 
0.5 0.0195 0 .0176 35.7 no 
0.9 0.0489 0 .0447 35,6 no 

aData f rom reference 6; 3 'M = 34.8 mN m - l ;  3 ,M = 37.9 mN m -1. 

defined (3) as the surface tension reduction attained at the 
cmc. Synergism in this respect is present when any mixture 
at its cmc reaches a surface tension that is lower than that 
attained at the cmc of  the individual surfactants. We have 
shown mathematically (1) that the condition for synergism 
in this respect is: 

f h c ' X c  < f M ' x M ,  17] 

where fl c and fM are the activity coefficients of  surfactant 
1 in the mixed monolayer and in the mixed micelle, and X c 
and X M its respective mole fractions there, all at the cmc of  
the mixture. The activity coefficients are calculated by the 
relationships (4,5): 

fl,c = exp 3(1-Xc) 2 [8] 

= exp 3M(1-xM) 2 [9] 

from which we obtain : 
X M 

< _M.(1.xM)2 In Xc 
/~ I ~ l  + (l_Xc) 2 [101 

W h e n  X c ~ X M, 3 m u s t  be  < /3 M f o r  s y n e r g i s m  o f  t h i s  t y p e  
t o  o c c u r .  

C u r r e n t l y ,  t h e r e  are  a l m o s t  n o  d a t a  in t h e  l i t e r a t u r e  f r o m  
w h i c h  c a l c u l a t i o n s  o f / ~ ,  3 M, X c, a n d  X M can  b e  m a d e  o n  
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TABLE IV 

Values of the Molecular Interaction Parameters, 3 M and 3, at 25 C 

Surfactant pair Medium 3 M /3 Reference 

Cm SO4/Cs(EO) * H~O -3.1 -- 7 
C12SO4/Cs(EO)6 H20 -3.4 -- 7 
C12SO4/C8(EO)~2 H20 -4.1 - 7 
C12SO4/Ct2(EO)s H20 -2.6 -- 11 
CI2SO4/Ct 2(EO)a H20 -3.9 -- 7 
C12504/C12(EO) s 0.5 M NaCI -2.6 -3.2 7 
C18N(CH3)2CI/C12(EO) 8 0.0024 N NaCI -3.1 - 7 
C2oN(CH3)2CI/CI2 (EO)s H 20 -4.4 -- 7 
C16N(CH3)2CI/CI2(EO) s 0.1 N NaCI -0.83 - 7 
C12PyrBra/C12(EO)a H20 -0.85 -1.0 12 
Ct2(EO)3/C12(EO) s H20 -0.41 -0.17 4 
CtoSO4Na/Cs(EO)12 0.25 N NaCI -2.0 -- 7 
CIsSO4Na/C10(EO)6 H20 -4.4 - 7 
CtoSO4Na/Clo N(CHa)a Br H20 -18.5 -- 5,13 
CmSO3 K/CmN(CHa):O H20 -16.5 -21.6 6 
Ct2SO3Na/C12(EO)s H20 - -1.6 12 
CI2SO3Na/Ci2(EO) s 0.1 M NaBr -- -2.5 4 
Cl2PyrBra/Cta(EO) a 0.1 M NaBr -- -0.7~9 4 
CI2SO4]CaHtTOH H20 - -1.7 b 10 
CloS(O)CHa/CI0(EO)a HaO -0.09 -0.15 8 

aN-dodecylpyridinium bromide 
b23 C 

per molecule and surface tension at the cmc for the individ- 
ual surfactants) and the value of/3M are identical with those 
in the real system, while the value of/3 is changed. 

Values of fl,cXe, fMxM, and 7t2,c (the surface tension 
of the mixture at its cmc), at various values of a in Table III 
are obtained by a procedure described elsewhere (1). The 
necessary experimental data are: (a) the surface tension/log 
concentration curves for the two individual surfactants in 
the vicinity of their cmc, including the portion of each for 
some distance below the cmc, (b) the cmc, C~ ,  of at least 
one mixture of the two surfactants, and (c) the concentra- 
tion, C12, of at least one mixture of the two surfactants 
required to produce a given surface tension attained by 
both individual surfactants. 

From the data in Table II, it is apparent that fl,cXc must 
be < fMxM for synergism in surface tension effectiveness 
to occur. As the negative value of/3 becomes closer to that 
of/3M, the synergistic effect becomes smaller and eventually 
disappears. 

Effect of Surfactant Chemical Structure on Synergism 
Since the synergistic relationships all involve the molecular 
interaction parameters, t or tiM, it is to be expected that 
changes in the chemical structures of the two surfactants 
involved will affect the extent  of the synergistic relation- 
ship between them. Thus, from Equations 4 and 6, we 
obtain the respective ratios: 

12,mln = exp M 

and 
~ o o 2 

C12,min = exp -In C1/C2~ 1 
~ 73 

When the subscript 1 refers to the more surface-active 
surfactant (i.e., with the lower C~ or C~ value), the above 
relationships indicate the extent of synergism in mixed 
micelle formation and in surface tension reduction effi- 
ciency, respectively. The lower the ratio, the greater the 
synergistic effect. We can see from these relationships that: 
(a) the more negative the value of/3 or t M and (b) the 
smaller the absolute value of In C~/C M or In C~/C;, the 
greater will be the extent of synergism. For a given value of 

/3 or~M3 maximum synergism will occur when In CIM/C M or 
In CJC2 = 0, that is, when both surfactants have the same 
cmc or surface tension reducing efficiency. 

Currendy, there is only a limited amount  of data avail- 
able from which the values of/3 or/3M can be calculated, 
mainly data on mixed micelle formation. As a result, very 
few generalizations regarding the effect of changes in the 
chemical structure of the surfactants on the values of 13 and 
/3M can currently be made. Table IV lists some values of 
/3 and/3M from the available data. 

Based on the values listed in Table IV, the following 
tentative generalizations can be made : 

(a) For anionic-polyoxyethylenated nonionic pairs, the 
value of t M becomes more negative as the number of oxy- 
ethylene units in the nonionic increases. 

(b) For ionic-polyoxyethylenated nonionic pairs, the 
value of /3M becomes less negative with increase in the 
electrotype content  of the solution. 

(c) For the following pairs with similar hydrophobic 
groups, the values of/3 and /3M become more negative in 
the order: polyoxyethylenated nonionic-polyoxyethyl -  
enated nonionic < polyoxyethylenated nonionic-ca t ion ic  
< polyoxyethylenated nonion ic -an ion ic  <<  an ion i c -  
cationic. 

RE FE RENCES 
1. Hua, X.Y., and M.J. Rosen, J. Colloid Interface Sci., in press. 
2. Rosen, M.J., JAOCS 51 .-461 (1974). 
3. Rosen, M.J., J. Colloid Interface Sci. 56 -320 (1976). 
4. Rosen, M.J., and X.Y. Hua, Ibid. 86:164 (1982). 
5. Rubingh, D.N., in Solution Chemistry of Surfactants, Vol. 1, 

edited by K.L. Mittal, Plenum, New York, NY, 1979, pp. 337- 
354. 

6. Rosen, M.J., D. Friedman and M. Gross, J. Phys. Chem. 
68:3219 (1964). 

7. Lange, H., and K.H. Beck, Kolloid Z. Z. Polym. 251:424 
(1973). 

8. Ingram, B.T., and A.H.W. Luckhurst, in Surface Active Agents, 
Society of Chemical Industry, London, 1979, p. 89. 

9. Nishikido, N., J. Colloid Interface Sci. 60"242 (1977). 
10. Hutchinson, E., J. Colloid Sci. 3:413 (1948). 
11. Akasu, H., M. Ueno and K. Meguro, JAOCS 51:519 (1974). 
12. Hua, X.Y., and M.J. Rosen, J. Colloid Interface Sci. 87:469 

(1982). 
13. Corkill, J.M., J.F. Goodman, C.P. Ogden and J.R. Tare, Proe. 

R. Soc. London 273:84 (1963). 

[Received February 26, 1982] 

(S&D 171) JAOCS, vol. 59, No. 12 (December 1982)/585 


