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Abstract Mixed micelle formation
and surface tension reduction effec-
tiveness (yemc) Were investigated for
the following systems: triethano-
lammonium dodecylpoly(oxyethyl-
ene)sulfate (TADPS, containing
about two ethylene oxide units)/
dodecyltrimethylammonium bro-
mide, TADPS/hexadecyltrimethy-
lammonium bromide and TADPS/
hexadecylpyridinium chloride. For
all these anionic/cationic systems,
the mixed critical micelle concentra-
tion (cmc) values reflect a strong
synergism in mixed micelle forma-
tion, with g™ values ranging from
—13.8 to —18.3. The mixed micelle
composition is mixing-ratio depen-
dent and, for equimolar mixtures,
the mixed micelle is richer in the
surfactant with the lower cmc. Pre-
cipitation is inhibited to a certain
extent, thanks to the presence of
ethylene oxide groups in the anionic
species. The conditions for syner-

gism in yeme, differently expressed in
the literature, can be derived from
the surface tension equations estab-
lished in our previous article. They
can be conveniently described by a
few characteristic constants: I';°
(saturated Gibbs excess), K; (con-
stant in the Szyszkowski equation),
the cmc of the individual surfactants
and the interaction parameters, >
and pM, of their mixtures. Excellent
agreement between theoretically
predicted and experimental results is
obtained. With the increase in sur-
factant chain length, the ™ values
decrease faster than the f° ones
and this can result in the loss of
synergism in Y¢me-

Key words Anionic/cationic surfac-
tants - Surface tension reduction
effectiveness - Critical micelle
concentration - Mixed micelle com-
position - M interaction parameter

Introduction

Although anionic/cationic surfactant systems show very
strong synergisms in surface tension reduction efficiency
and mixed micelle formation [1-13], the practical
applications of such systems, limited by the precipitation
of a complex or by liquid-liquid phase separation
[10-17], are not so popular as those of ionic/nonionic
ones. Recent research advances [12, 18, 19], however,
have shown a way to make anionic/cationic systems
practically applicable: introducing nonionic hydrophilic
groups, namely ethylene oxide units, into the ionic

surfactant molecule and choosing a bulky hydrophilic
counterion result in enhanced excluded-volume con-
straints and increase the solubility of the anionic/
cationic complex.

In most surfactant applications, the lowest possible
surface tension is expected. The surface tension value at
the critical micelle concentration (cmc) (yemc) is generally
taken as the minimum value obtainable for a given
surfactant system under fixed conditions and is called
surface tension reduction effectiveness [4, 9, 20-22].
Although very low .. values can be reached for some
appropriately chosen anionic/cationic binary systems, all
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those systems do not show a synergism in surface
tension reduction effectiveness [9]. The conditions for
such a synergism are therefore greatly significant. Rosen
and coworkers [4, 9, 20-22] have derived the conditions
for a synergetic effect in surface tension reduction
effectiveness using different methods and these condi-
tions were differently expressed [9, 20, 21]. The relations
between these expressions, however, did not seem to be
fully interpreted. In a previous article [23], the surface
tension equations for nonideal binary surfactant mix-
tures were established. In the present work we try to use
these equations to discuss further the conditions for
synergism in surface tension reduction effectiveness and
to show the relations between the various expressions
derived by Rosen and coworkers. Three anionic/cationic
binary systems were studied: triethanolammonium dode-
cylpoly(oxyethylene)sulfate (TADPS, containing about
two ethylene oxide units) mixed with dodecyltrimethyl-
ammonium bromide (DTABr), hexadecyltrimethyl-
ammonium bromide (CTABr) or hexadecylpyridinium
chloride (CPCI).

Theory

Necessary and sufficient conditions for synergism
in surface tension reduction effectiveness

The surface tension of a nonideal binary surfactant
solution below the mixed cmc can be calculated using
the following equations [23]:

0 Klacclz
Yo — Y12 :I’llRTFI 11’1<1 —+ flsxbi ) s (1)
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where o is the mole fraction of surfactant 1 with respect
to the total amount of surfactant, y, the surface tension
of the solvent, y;, that of a solution of surfactants 1 and
2 with bulk composition « at a total concentration cy»,
I'7° the saturated excess surface concentration of pure
surfactant i (for ionic surfactants, only surface-active
ions are considered), x3, f° and f3 the surfactant mole
fraction and activity coefficients in the mixed monolayer,
K; the constants in the Szyszkowski equation [24], n; the
number of particles per molecule of surfactant, whose
concentration changes with surfactant concentration, R
the gas constant and T the absolute temperature.

For pure surfactant solutions, Egs. (1) and (2) reduce
to the Szyszkowski equation [24]:

Yo — v: = mRTTXIn(1 + Kic)), (3)

where y; is the surface tension of a solution of pure
surfactant i at the concentration ¢! (the superscript
0 represents pure surfactant). For pure and binary
solutions at their cmes, ¢M and M, respectively, the
corresponding surface tensions, y‘c]mci and Y¢mern, Can
therefore be calculated as follows:
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where the subscript ¢ refers to the cmec.

Now, if surfactant 1 micellizes at a lower concentra-
tion, the condition for synergism in j.,. is that the
surface tension at the cmc of the mixture is lower than
et Gemerz < P24e1).- From Egs. (4) and (6) and
Rubingh’s treatment [1] of nonideal mixed micelles
based on the regular solution theory, the following
expression is obtained:

S .S M_ M 0 0
flg,cxi.c < fl X1 (ycmcl < chc2)’ (8)

where x;M is the mole fraction of surfactant 1 in the
mixed micelle at the cmc of the mixture and fM is the
corresponding activity coefficient. Equation (8) was first
derived by Hua and Rosen [20] by means of the Butler
equation [25] and is taken as the condition for the
synergism in surface tension reduction effectiveness.

At or near cmcs (Kic)! >> 1, Kjae)y/f5 X3, ¢ >> 1
and K (1 — ac)cl/g/fzs’c(l —xi.) >> 1), Egs. (4), (5), (6),
(7) and (8) can be simplified as

ngcl ~ Yy — anTl"?Cln(chllw)7 9)

ngcz ~ o — mRTTYIn (chg/[)7 (10)
Kloccll\g

Yeme12 ~ Yo — mRT r?oln (fls,cx?,c ) (11)
K (1 —o)cM

Yemel2 ~ o — MRT I'’In u (12)
fZS,c (1 - xi,c)

By omitting the subscript ¢ and noticing that [20]

1T =expp(l fxﬁ)z (13)

Eq. (11) can be rewritten as
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ametz ~ MRTTY [Inx} + (1 = x})*~ Ino — In e}
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(14)

In the case of synergism, there will be a minimum in the
Yemel2 VETSUS o CUIVE, i.€.

d(chch)
do
B (1 dx} s odxy 1 dincM
= mRTTy (x? da 261 =) da o dao
=0 (15)
or
dincM 1 . dxf 1
=(=—-21—-x) | =L —— 1
do (x? a x1)> da o (16)
and similarly from Eq. (12):
dincM 1 dxg 1
= —28x) | L - : 1
do (l—xsl ﬁx1> do 1-uo (17)

Zhu and Rosen [9] have also obtained Eqs. (16) and (17)
from hypothetical surface tension equations and, ac-
cording to their derivation, these two equations yield

%S *M (18)

X=X

where the superscript * refers to the minimum of the
Yemel2 Versus o curve. This means that, at this minimum,
both mixed monolayer and mixed micelle have the same
composition. Subtracting Eq. (11) from Eq. (9), Eq. (12)
from Eq. (10), introducing Rubingh’s treatment [1]
and taking Eq. (18) into account lead to the general
equation

0 =i = nRT Tl (1
Yemei Yeme12 = Mi i f**s .

Introducing the interaction parameters > [9, 20] and ™
[1] into Eq. (19) yields

* 00 * 2
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For synergism in surface tension reduction effectiveness
to occur, the differences in the right sides of Egs. (20)
and (21) should be positive. Now, since #,RTI* and the
square terms are positive, the necessary condition for
synergism is

M — g5 > 0. (22)

If 70 ., is lower than 72 ,, the sufficient condition for
synergism is y5,.;, lower than 70 . Rewriting Eq. (21)

yzmcl2 = V(c)mcz - anT Fgc (ﬂM - ﬂs) (XTM)z (23)

and combining Egs. (20) and (23) yield the sufficient
condition for synergism,

00 «M 2
ygmcl - ngcz + anT FZ (:[))M - ﬁs) (le) > Oa (24)
which, since (x’l‘M)2 is smaller than 1, reduces to
ﬁS o ﬁM < ygmcl — ngCZ. (25)
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Similarly, if 2, is lower than 72 _,, the condition is

~0 ~0
S M Yeme2 — Vemel
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Therefore, the necessary and sufficient conditions for
synergism in y.me can be summarized as

BS_BM<07

[Yome2 = Vomer
|ﬁS*ﬂM| < cmc2 cmcl

where the subscript i refers to the surfactant with the
higher 0. Noticing that n;RTT?® is approximately the
slope of the y—loge curve for pure surfactant i at or near
its cmec, the above conditions are the same as those
derived by Zhu and Rosen [9]. Assuming that the
individual surfactant concentration required to produce

a surface tension 7%, is ¢, it comes from Eq. (9) or
(10)
CO,cmc

ygmci - ygmcl2 = miRT oncln< ch ) (28)
Combining Eq. (28) with Egs. (20) or (21) leads to

C?’Cmc M S *M 2 ..
1n< C[M>:(ﬁ —ﬁ)(xj ) ij=1,2 (29)
and to

et S MY (~.sM
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This is the equation derived by Hua and Rosen [21].
Accordingly, the sufficient condition for synergism is

CO,cmch
In 1 2
0,cmc M
GRS

Thus, by using the surface tension equations for binary
surfactant systems [23], the necessary and sufficient
conditions for synergism in surface tension reduction
effectiveness are obtained and shown to be strictly
equivalent to those of Rosen and coworkers, although
derived independently. A conclusion about synergism in
Yeme fOr anionic/cationic binary mixtures can be drawn
from the knowledge of the cmc, M, excess surface
concentrations at saturation, I7;°, constants in the

18>~ M| > : (31)
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Szyszkowski equation, K;, of pure surfactants, as well of
that of their interaction parameters, > and M

Compositions of bulk solution, mixed monolayer
and mixed micelle at the lowest surface tension
Value; Yemel2

The combination of Egs. (20) and (21) to eliminate
Vemel2 81VES

— mRT T (BN = B3) (1 — xM)?

—mRT I'Y® (ﬂM — ﬁs) ()C’I‘M)2
From Eq. (32), x;M (the mole fraction of surfactant 1
both in mixed monolayer and mixed micelle necessary to
produce y;,.,) can be obtained: 9%, can then be

calculated from Eq. (20) or Eq. (21). According to the
nonideal micellization theory [1], « and x}! are related by

K<’“M )) jexp A (1 - 221]

0
Yemel

~ 1. (32)
ygmc2

) (33)
1+ - ?4') ] P [BM (1 —2x))]
and, accordingly,
(M) o [BM (1 — 2y
o — [(1=)e)] p[A" (1 —2xM)] 54

1 —I—%exp[ﬁM(l B ZxTM)] .

For common-type anionic and cationic surfactants
having similar I';° and chcz values (e.g. species with
the same hydrocarbon chain length), x;M approaches
0.5. Even if '™ and y°_ . are not strictly equal, x;™ will
not greatly deV1ate from 0.5. This means that for
anionic/cationic systems at their lowest surface tension,
both mixed monolayer and mixed micelle show sym-
metrical compositions, which has often been observed
[9]. In this case, Eq. (34) reduces to
oo

o e (35)
When the surfactants have similar cmc values, «* also
approaches 0.5. On the other hand, however, when the
surfactants have quite different cmc, o* will approach
extreme values, 0 or 1, for M << M or M << M,
respectively. This helps in selecting o to get the lowest
Yeme- FOr example, if an anionic surfactant is mixed with
a cationic one having a much higher cmc, the lowest y¢nc
will be obtained by adding a little anionic surfactant to a
larger amount of the cationic one.

Experimental

TADPS, containing about two ethylene oxide units, was a liquid
sample kindly provided by SEPPIC (commercial name Montelane

LT4088, about 30% active matter) [23]. TADPS, DTABr and
CTABr, from Aldrich, and CPCI, from Lancaster, were used
as received since only a shallow minimum (~1 mN/m) was
observed in the surface tension curve of TADPS (Fig. 1). Active
matter percentages, from two-phase titration experiments against
Hyamine 1622 or dodium dodecyl sulfate with the mixed indicator
[26], are shown in Table 1.

The cmc values were determined by surface tension measure-
ments (Du Noily ring technique, LAUDA TDI tensiometer,
25°+ 0.2 °C). Doubly distilled water was used throughout
y = 72.3 mN/m at 25°+ 0.2 °C).

The precipitation region or turbid phase boundary was deter-
mined by visual inspection and optical density measurements at a
wavelength of 300 nm (Hitachi U-2000 UV spectrophotometer)
after the solutions were prepared and kept at 25 °C + 0.2 °C for at
least 4 days. In those conditions, light absorption by pure
surfactant solutions is almost zero, whereas the apparent absor-
bance (actually due to light reflection and scattering) of visually
turbid surfactant mixtures is large enough.

Results and discussion
Mixed cmc and mixed micelle composition
The surface tension versus log(concentration) curves for

the TADPS/DTABr, TADPS/CTABr and TADPS/
CPCI systems at 25 °C are shown in Figs. 1, 2 and 3.
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-
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20 * : * * : . : : : : !
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Fig. 1 Surface tensions of the triethanolammonium dodecylpoly(oxy-
ethylene)sulfate (74 D PS)/dodecyltrimethylammonium bromide (D7-
ABr) system at 25 °C (for a=1, c=cg-)

Table 1 Active matter percentages of the surfactants triethanolam-
monium dodecylpoly(oxyethylene)sulfate (TADPS), dodecyltrime-
thylammonium bromide (DTABr), hexadecyltrimethylammonium
bromide (CT'ABr) and hexadecylpyridinium chloride (CPCl)

CPCl1
99.8

TADPS DTABr
31.6* 99.4

CTABr
99.8

Surfactant

Active matter (%)

#Calculated on the basis of three ethylene 0x1de units per molecule
and a measured concentration of 5.77 x 107 mol/g
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The measured cmc of pure surfactants at 25 °C are
32 x 107 (TADPS), 1.4 x 1072 (DTABr), 9.0 x 10™*
(CTABr) and 9.2 x 107 mol/I(CPCI). These values are
in good agreement with published data [27, 28]. The
experimental values of the mixed cmc are illustrated in
Fig. 4, together with the curves predicted by Rubingh’s
nonideal theory [1] with average M values. The mixed
micelle compositions at the cmc, calculated from ﬁM, are
shown in Fig. 5.

As for other anionic/cationic pairs [4, 9], the systems
studied show strong departure from ideality in mixed
micelle formation. The M values found at various o for
the systems studied are reported in Tables 2, 3 and 4.
Figure 4 shows that the mixed cmc can be well predicted

by Rubingh’s theory with an average g™ value in the
whole composition range: —13.8 + 0.3, —-15.7 £ 1.5
and —18.3 £+ 1.4 for the TADPS (surfactant 1)/DTABTr,
TADPS/CTABr and TADPS/CPCI systems, respective-
ly. They are of the same order of magnitude as the f°
values for the same systems [23] but show a larger effect
of the alkyl group chain length. Furthermore, ™ (but
not BS) values reflect a stronger interaction of TADPS
with CPCI than with CTABr (Tables 2, 3, 4). For
TADPS/DTABr (Cj»-/Cj>+) systems, the mixed cmc
can be accounted for by a single ™ value for the whole

y(mN/m) * =0

" a=0.1

nr a=0.25

60 a=0.5

r a =0.6

50 a=0.75
=0.

a0 - o029

30 +

20 e e
75 -7 65 -6 -55 -5 -45 -4 -35 -3 25 -2 -15

LogCr+(mol/L)

Fig. 2 Surface tensions of the TADPS/hexadecyltrimethylammonium

bromide (CT'4Br) system at 25 °C
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r ® a=0.6
50 I Y =075
4 + + a=09
30
20 e .
75 7 65 % 55 5 45 -4 35 -3 25 2 -5
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Fig. 3 Surface tensions of the TADPS/hexadecylpyridinium chlo-

ride(CPCl) system at 25 °C
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Fig. 4 Mixed critical micelle concentration (cmc) of the systems
studied. Symbols: experimental results; solid lines: mixed cmc
calculated from average ™ values (TADPS/DTABr: —13.8; TAD-
PS/CTABr: —15.7, TADPS/CPCI: —18.2); dashed line: turbid bound-
ary (TADPS/CPCI system)
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Fig. 5 Calculated composition of mixed micelles at mixed cmc based
on average § values (see Fig. 4); 25 °C
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Table 2 Synergism in surface

tension reduction effectiveness “ 0.1 0.3 0.5 0.7 0.9
for the TADPS/DTABr system s s 0.02382 0.03867 0.05105 0.07143 0.1531
(y in mN/m, ¢; "™ in mmol/l) e
X . . . . .
MM 0.03532 0.06417 0.07799 0.1092 0.1755
i -15.9 -16.3 -16.5 -16.4 —-15.1
M -13.5 —-13.5 -14.1 -14.0 —-13.8
Veme12 27.1 26.5 27.0 27.7 29.5
c?‘cmc 0.516 0.546 0.521 0.489 0.413
yeme 23.2 24.1 23.2 223 20.0
0.cme
In (%) -0.0273 —-0.00886 -0.0177 —-0.0415 —-0.1015
Q4
Synergism Eq. (8): yes; Egs. (22) and (27): yes; Egs. (22) and (31): yes; experimental results: yes

Table 3 Synergism in surface

tension reduction effectiveness « 0.1 0.25 0.5 0.6 0.75 0.9
for the TADPS/CTABr system s " s 0.008473  0.009706  0.01398 0.01765 0.02564 0.2230
(y in mN/m, ¢; in mmol/l) le ~"le
SM M 0.009554 0.01166 0.01625 0.01459 0.01547 0.05237
i —-14.8 -16.4 -17.1 -16.9 -16.6 -10.1
M -134 -14.9 -15.9 -16.9 -17.9 -14.9
Vemel2 32.8 32.0 29.1 33.6 37.4 44.5
e eme 0.303 0.327 0.429 0.281 0.195 0.0982
Czo,m:c‘ y 1.22 1.28 1.53 1.16 0911 0.567
In (ﬁ) —-0.35 -0.33 —-0.24 —-0.38 -0.51 -0.72
9
Synergism o < 0.5, Eq. (8): yes; Egs. (22) and (27): yes; Eqgs. (22) and (31): yes; experimental

results: yes

o > 0.5, Eq. (8): no; Egs. (22) and (27): no; Egs. (22) and (31): no; experimental

results: no
Table 4 Synergism in surface
tension reduction effectiveness « 0.1 0.25 0.5 0.6 0.75 0.9
for the TADPS/CPCI system (7 s s 0.00818 0.01020 0.01631 0.01771 0.2683 0.2194
in mN/m, ¢ in mmol/l) e
SM M 0.004349 0.005725 0.007826 0.007092 0.009027 0.03519
i -16.6 -17.8 -17.9 -18.3 -17.8 -10.8
M -16.6 -17.8 -18.7 -19.9 -20.0 -16.5
Yemel2 34.0 34.5 35.5 38.4 40.1 47.9
¢, 0eme 0.271 0.258 0.235 0.178 0.151 0.0697
CZO’CTC y 1.62 1.56 1.46 1.19 1.06 0.588
In (Z},—(M) -0.73 -0.74 -0.77 —-0.84 —-0.89 -1.08
2 4
Synergism Eq. (8): no; Egs. (22) and (27): no; Egs. (22) and (31): no; experimental results: no

composition range, whereas for TADPS/CTABr and
TADPS/CPCI (C;,_/Ci¢+) mixtures, |fM] increases with
the anionic species mole fraction in the bulk phase. A
similar but much weaker tendency is observed for |f°|
(Tables 2, 3, 4).

Figure 5 shows that the TADPS/CTABr and TAD-
PS/CPCI systems form nearly equimolar micelles in the
interval 0.1 < o < 0.9. In fact, as mentioned earlier,
CTABr and CPCI have very close cmc values, not far
from that of TADPS. On the other hand, the TADPS/
DTABr system behaves differently, with an asymmetri-
cal mixed micelle composition, to be compared with its
asymmetrical monolayer [23].

Precipitation

The problem hampering the application of mixed
anionic/cationic systems is the precipitation or coacer-
vation (liquid-liquid phase separation) which appears
even at quite low concentrations, either beyond the cmc
[10-14] or even below [15, 16], especially around an
equimolar ratio, depending on the nature and the alkyl
chain length of the surfactants [29]. For the systems
investigated in this work, this problem is also unavoid-
able, but, as shown in Fig. 4 and Table 5 there is a
concentration gap between the precipitation or turbid
boundary and the mixed cmc. For the TADPS/CPCI
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system, Fig. 4 indicates that the clear/turbid boundary
and the cmc curve become relatively close to each other
at a nearly equimolar ratio (o ~ 0.5) but strongly
diverge towards both ends. For the other two systems,
in the anionic-rich range (o > 0.5), transparent solu-
tions containing visible solid particles are observed,
whereas in the cationic-rich range (o < 0.5), the mix-
tures become cloudy then clear again with a further total
concentration increase. Surprisingly, for o smaller than
about 0.3, the TADPS/CTABr system shows no such
turbid region up to a total concentration higher than
1 x 1072 mol/l.

The inhibition of precipitation or coacervation in the
systems investigated can be attributed to the presence of
ethylene oxide units in the anionic surfactant molecule.
In fact, ethylene oxide groups weaken the interaction
between oppositely charged head groups because of their
hydrophilicity and their steric hindrance effect [12, 18,
19]. In contrast to the SDS/DTABr and SDS/DPCI
systems, whose total alkyl chain carbon number is 24 and
for which the precipitation concentration is smaller than
the mixed cmc [15, 16], the TADPS/CTABr and TADPS/
CPCI systems show a precipitation concentration larger
than their mixed cmc, although the total alkyl chain
carbon number reaches 28: the effect of the ethylene oxide
groups in the TADPS molecule is therefore obvious.

The disappearance of the turbid or coacervation
region with an increase in the total surfactant concen-
tration is usually explained by the solubilization of the
coacervate complex in the mixed micelle [15, 29];
however, Zhao and Xiao [30] have shown that, along
the total concentration scale, at a given anionic/cationic
ratio, there is a micelle shape transition (from rodlike to
spherical) which could result in a clarification phenom-
enon. In fact, in anionic/cationic systems, the precipita-
tion or coacervation is considered to be the result of a
great increase in the micelle aggregation number [31, 32],
which depends on micelle composition. As predicted by
Rubingh’s nonideal theory, while the total concentration
increases, the mixed micelle composition changes grad-
ually from nearly equimolar to the bulk solution
composition. It thus results in a decrease in the micelle
aggregation number [31] and in a shape transition [32],
so the reason for the clarification could be the decrease
in the micelle aggregation number.

Let us note that the break point in the y—logc curves
for some anionic/cationic systems, such as SDS/DTABr
and SDS/DPCI [15, 16], has often been attributed to

Table 5 Ratios of precipitation concentration (c,) to mixed critical
micelle concentration (¢mc) for equimolar mixtures of TADPS with

complex precipitation instead of micelle formation
because of the appearance of a precipitate just beyond
the break point [16, 17, 32]. Zhu and Zhao [33], however,
have shown that this event corresponds to a true cmc.

Surface tension reduction effectiveness

The data regarding the synergism in surface tension
reduction effectiveness for the systems studied are
presented in Tables 2, 3 and 4. The surface activities
(fS.x,) are calculated from the measured surface
tensions near the cmc for each mixing ratio. For the
TADPS/CTABr and TADPS/CPCI systems, the surface
tension often decreases after the break point of the y—
loge curve. In those cases, the first surface tension value
deviating distinctly from the steepest part of the y—logc
line was taken as ycme. For each system, 70 . is
33.6 mN/m with 70, smaller than 72 _,.

Tables 2, 3 and 4 show the excellent agreement
between predicted and experimental results. Over the
whole composition range, the TADPS/DTABr system
shows synergism but the TADPS/CPCI one does not. As
for the TADPS/CTABT system, synergism only exists in a
certain mixing-ratio range (« < 0.5). The various expres-
sions characterizing the conditions of synergism in
surface tension reduction effectiveness, although deriv-
able by different methods [9, 20, 21], are indeed equivalent
and can all be derived from the surface tension equations
for binary surfactant systems. Among those expressions,
the set of Egs. (22) and (27) is perhaps the most
convenient for only the properties, I'?°, K; and cM, of
the individual surfactants (Table 6) and the interaction
parameters, 5 and M, of the mixture are required.

The lowest Yeme12, Vimer2» Predicted theoretically, and
the corresponding bulk and micelle or monolayer
compositions, o, x5 or xM, together with the lowest
Yeme12 Measured for a bulk composition close to o*, are
reported in Table 7. For the TADPS/DTABr system,
average f° and ™ values, —16.0 and —13.8, respectively,
are used in the calculations. For the TADPS/CTABr
system, —16.5 and —14.9 (measured at o =0.25) are used.
The lowest yeme12 values, although not measured at the
exact o, show excellent agreement with the predicted
ones. As analyzed in the theoretical part, even for a
system of surfactants with rather distant cmc (TADPS/
DTABr), x5 or x;M is close to 0.5. On the other hand, o
can greatly deviate from 0.5, approaching 0 or 1. Thus,

Table 6 Characteristic constants of individual surfactants

different cationic surfactants Property TADPS DTABr CTABr CPCl
10700 2
Cationic species DTABr CTABr CPCl 103 7 (mol/cm”) 2.2 3.52 3.69 3.26
10°K; 120 0.532 6.30 6.00
cp/cme 4.8 5.7 8.9 cmc (mmol/l) 0.32 14 0.9 0.92
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Table 7 Lowest ., (mN/m)

and corresponding bulk and System Yemel Yeme2 i =M o Vemer2 from "/zm‘CIZ
micelle (monolayer) Eqgs. (20) or (21) measured
compositions TADPS/DTABr  33.6 37.5 0.503 0.0245 27.5 27.1%

TADPS/CTABr  33.6 37.0 0.520 0.4173 29.4 29.1°

fq = 0.1

by = 05

for such a binary system, when the synergism in yemc
exists, the lowest y.me12 18 reached by adding a small
amount of surfactant with the lower cmc to the other.
For a system of surfactants with similar cmc, however,
the lowest ycme12 18 obtained at a nearly equimolar bulk
composition. As shown in Figs. 2 and 3 and Tables 2, 3
and 4, y.me1o greatly increases with o in the anionic-rich
region, so, for large o values (e.g. x=0.9), ™ and
especially 5, greatly deviate from their average values
and the y-logc curves appear abnormal.

Tables 2, 3 and 4 also show that, with the increase in
the total alkyl chain length, g™ decreases faster than f°
and this will result in the loss of synergism in surface
tension reduction effectiveness; therefore, to ensure this
kind of synergism, surfactant alkyl chains should not be
too long. This agrees with Zhu and Rosen’s results [9].

Conclusions

1. Very strong synergism in mixed micelle formation
exists in the anionic/cationic systems investigated.
Mixed cmc values can be well predicted by a nonideal
micellization theory. The mixed micelle composition
is mixing-ratio dependent and, for equimolar mix-

tures of surfactants with quite different cmc, the
micelle is richer in the surfactant with the lower cmc.

. The presence of a few ethylene oxide units in the

anionic surfactant molecule suffices to inhibit the
precipitation of the anionic/cationic complex to a
certain extent. So, a rather large concentration gap is
observed between the mixed cmc and the precipitation
boundary, especially in the cationic-rich region.

. The necessary and sufficient conditions for syner-

gism in surface tension reduction effectiveness can
be described by various expressions and are finally
equivalent. In particular, they can all be derived
from the surface tension equations for binary
surfactant mixtures. obtained by combining the
Szyszkowski equation with nonideal micellization
theory.

. Synergism in surface tension reduction effectiveness

can be characterized from the knowledge of some
properties of the individual surfactants: I'?°, K; and
cmc, and from the interaction parameters, > and ™,
of their mixtures. Good agreement is observed
between predicted and measured synergism in surface
tension reduction effectiveness.

. With the increase in the surfactant alkyl chain length,

pM decreases faster than $5; thus, synergism in surface
tension reduction effectiveness can be lost.

Sci 141:10-20

J Dispersion Sci Technol 16:305-332
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