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A bstract

The R elation o f Synergism  in B inary  M ixtures o f S u rfac tan ts to 

M icroenvironm ental F acto rs

by

Cheawchan Utarapichart

Advisor : Professor Milton J. Rosen

The degree o f interaction between two surfactants in mixed monolayer at the aqueous 

solution/air interface or mixed micelle in aqueous solution can be measured by calcula -

ting the molecular interaction parameter, (5° and P ^ ,  respectively, from surface tension 

measurement, using nonideal solution theory.

Interaction between the two surfactants in polyoxyethylenated nonionic-anionic mix­

ture decreases when the hydrophilic group in anionic is moved to a more central position.

With increase in ionic strength of the solution, the values of P °  and p ^  go through max­

ima. This may be due to the complex formation between Na+ and some ether oxygens 

o f the polyoxyethylene chain. Temperature increase in the 25° - 40° C range results in

a decrease in the values of Pa  and p H  Interaction between polyoxyethylenated anionic 

and alkyl sulfate or alkyl sulfonate increases with increase in the number of oxyethylcne 

units in the polyoxyethylenated anionic.

Effects o f surfactant structure, ionic strength of the solution, and temperature on syn­

ergism in surface tension reduction efficiency and mixed micelle formation in polyoxy - 

ethylenated nonionc - anionic mixtures have been investigated. Synergism and negative 

synergism in surface tension reduction effectiveness were also investigated in polyoxy - 

ethylenated anionic - anionic and polyoxyethylenated nonionic - anionic mixtures, res - 

pectively.



Measurements o f [Na+] at 25° C by use o f a Na+ selective electnxie indicate that non- 

cyclic polyoxyethylenated(POE) nonionic surfactants,C i2H2 5 (OC2H4 )xO H [C i2 (EO)xl, 

in the absence o f ionic surfactants and at concentrations more than one order of magnitude 

above their critical micelle concentrations, complex Na+ weakly. In aqueous NaCl solu­

tions of 0.004 M total ionic strength about 0.17 moles Na+ are complexed per mole of 

C i 2 (EO)g, 0.09 moles per mole of C i2(EO)4 . In the presence o f an anionic surfactant, 

Na di (2- ethylhexyl) sulfosuccinate (AOT), the extent o f complexation is considerably

increased. The complexation constant, K, increases with increase in the A O T/C i2 (EO)g 

molar ratio in the mixed micelle, with complexed Na+ maintaining an approximately 1:1 

molar ratio with AOT in the mixed micelle. K decreases when C \ 2(EO)g is replaced by 

C i 2 (EO>4 or when AOT is replaced by its di - amyl analog. C j2 (EO)g -C i4 N(CH3>3 Br 

mixtures complex Na+ even more weakly than in the absence of an anionic surfactant, in­

dicating competition between cationic surfactant and Na+ for the polyoxyethylene chain.
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1

C h ap te r I 

In troduction

1.1 G eneral Aspects

In m ixed surfactant system s, physical properties such as critical micelle 

concentration and surface tension may be substantially different from what would 

be expected based on the properties o f the pure com ponents. Such nonideal 

behavior is o f both theoretical interest and industrial importance. For example, 

mixtures of different classes o f surfactants often exhibit synergism (1-5 ) and this 

behavior can be utilized in practical applications (6 ).

Synergism is an area o f major importance in the Field of surfactants, 

because it has both theoretical and practical importance. From the theoretical 

view p o in t, it affords insights into the nature and magnitude of interactions 

between different types o f organic molecules, from the practical, it provides 

guidelines for the most efficient and effective use o f surfactants in industrial 

applications.

Generally, synergistic effects seem to be negligible for mixtures of nonionic 

surfactants (7-9). Ionic-nonionic mixtures, on the o ther hand, do show 

appreciable synergism, which in some case can be described in terms of a 

nonideal solution model for the surfactant m ixtures (10,11 ). Largest, 

however, are the synergistic effects in cationic-anionic mixtures. The total 

surfactant concentration required to give a certain surface tension lowering for 

a 1:1 mixture can be orders of magnitude smaller than it is for each of the 

component solution.

Q ualitatively, this synergistic effect can be explained as follows (12): For 

individual oppositely-charged surfactants such as sodium dodecyl sulfate and 

dodecyl trimethyl ammonium bromide, the tendency o f the long chain ions 

to adsorb is strongly reduced by the necessary presence in the surface of 

sodium or bromide counterions, which are essentially non- surface active. In 

their mixtures, electroneutral 1:1 combinations of the oppositely-charged long
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chain ions are much more surface active than the individual long chain ions 

o f the m ixture , that is , they have a much greater partition coefficient 

be tw een  su rface  and bu lk .

The conditions for the existence of synergism between two surfactants in 

the fundamental properties o f mixed monolayer formation and mixed micelle 

formation have been derived (5,13,14). From the properties o f the two 

individual surfactants and one mixture of them, we can predict whether or 

not synergism in these phenomena will exist, if so , the exact proportions 

o f the two components that show maximum synergism. In this work , we 

have investigated the effect of change in the m olecular structure o f the 

surfactants or in such microenvironmental factors as electrolyte content, 

temperature, on their molecular or synergistic interaction.

The key to understanding molecular interaction between surfactant pairs and to 

predicting the existence of synergism between them is the determination of the 

molecular interaction parameters, and for mixed monolayer formation at the 

aqueous solution/interface and for mixed micelle formation in aqueous solution, 

respectively. The experim ental approach is to m easure the surface tension of 

aqueous solutions of the individual surfactants and o f at least one binary mixture of 

them in aqueous solution, as a function of the total concentration of surfactant.
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1.2 L i te r a tu re  Survey  O n M o lecu lar In te ra c tio n s  B etw een 

S u rfa c ta n ts  In  A queous Solu tion

An early attempt to measure quantitatively the effect of an additive on the 

surface properties o f  a surfactant system  was an investigation by 

Hutchinson(15) into the interaction o f n-octyl alcohol with sodium n-dodecyl 

sulfate. His approach was to measure the surface (excess) concentrations o f 

the surface active species at the aqueous solution/ air interface by use of 

the Gibbs adsorption equation in the form

- dy = 2.303RT [ H d lo g  a j + r 2dlog a2 ] 11]

where d y is  the change in the surface tension in m N m 'l, R is 8 .314J 

K*lm ol*l, T  is the absolute temperature, and T j r 2 are the surface 

excess concentrations of the two surface active species and a j and a2 their 

respective activities in the aqueous bulk phase. From this relationship, we 

obtained

n  = _ _ 1_  f -  - f r r-------- 1
2.303RT ^ O l o g a i  j T ,a 2 r2i

and
T2  -  I -------- )

2.303RT ^ 6  log 82  J T .a i  [3 ]

For highly surface active species, the surface excess concentration may 

be equated with the actual surface concentration without significant error. 

From two series o f y-log C curves, in one of which the bulk phase molar 

concentration o f the surfactant was held at a fixed value while the bulk 

phase molar concentration of the cosurfactant was varied and in the second 

o f which the bulk phase molar concentration o f the cosurfactant was held at 

fixed values while the bulk phase molar concentration o f the surfactant was 

varied, all at constant tem perature, Hutchinson calculated surface (excess) 

concentrations o f both surface active species in solutions o f  different 

composition.
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From these concentrations and N, the Avogadro number, the average area 

A, per molecule (  = 1______ ^

lN(r,+ r2 > J
for the mixture at the interface was calculated. Plots o f A versus surface 

pressure, it (=y0 - y. where y0 is the surface tension of the pure so lven t) for the 

two individual surface active species and their mixtures were used to indicate 

little interaction between the two materials.

Another approach was that of Goodrich (16 ) who calculated the excess free 

energy o f mixing, G xs of two surface active species o f different polarity in insoluble 

monolayers spread over ammonium sulfate solution, by use of the relationship

X X X

G „  = J* A 12 dre - Xj J  Aj dtt - x2 j Aj d t t  [4]
o o o

where A 12 . A j, and A2  are the area per molecule of surface active species in the 

mixed film and films o f the pure components 1 and 2 , respectively, and X i and X2 

the mole fraction o f components 1 and 2, respectively, in the m ixed film. The 

integrals were evaluated by plotting the n-A curves for the individual components and 

for the mixed film and integrating graphically. Plots o f G xs versus mole fraction o f 

either o f the components were used to show the extent o f interaction between them. 

By this m ethod, maximum interaction between long, straight-chain alcohols and 

straight-chain ionic surfactants was shown to occur when the two surface active 

materials were at 1:1 molar ratio in the surface film. Interaction increased with 

increase in the chain length o f the hydrophobic groups of the two com ponents and 

decreased markedly with the introduction of branching into the chain o f one of 

the components.

G oddard (17) investigated the interaction between long-chain alcohols and 

sodium cetyl sulfate by the monolayer penetration technique. M olecular association 

was shown to be strongest when the alcohol possesses a straight hydrocarbon chain 

and can be weakened considerably by altering the configuration of the chain.
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More recently, there have been a number o f attempts to quantify the effect o f a

second surface active species on the process o f micelle formation in aqueous media.

Usually, ideal m ixing in the micelle has been assum ed(7,18,19). G in t(7 )

developed a theory that treats the mixed micelles as an ideal solution o f the

surfactant? and predicts critical micelle concentration (CM C), micelle composition,

and monomer concentration. The critical micelle concentration, C 12^  o f the system

containing the two surfactants calculated from the relationship
1 a j  + ( 1 - a j ) [5]

C j 2m  C i M C2m

where d j  is the mole (Taction of surfactant 1 in the total surfactant in the 

solution phase, and C jM  and C 2 ^  are the critical micelle concentrations o f

surfactants 1 and 2, respectively. The same equation was derived by Lange and 

Beck (20). The data obtained indicate that this approach is valid for mixtures of 

hom ologous surfactants and for mixtures o f o f nonionic surfactants whose 

hydrophilic groups do not differ too widely in chemical structure, but is invalid 

for ionic-nonionic and anionic-cationic mixtures.

To overcom e this limitation, Rubingh (21) used regular solution theory to 

calculate the composition of mixed micelles formed from mixtures of two surfactants, 

including mixtures o f  ionic with nonionic species.

The chemical potential, o f  monomeric surfactant 1 in the solution phase in 

equilibrium with the mixed micelle is given by

\L{ =  * lj°  +  RT In C i [6 ]

where |A j °  is the standard chemical potential o f monomeric surfactant 1 when 

the unit o f  concentration is in m ole/1, and C j i s  the concentration of monomeric 

surfactant 1. The chemical potential, JJ.jM of surfactant 1 in the mixed micelle is 

given by
= H iM° + R T l n f i M Xj M [7]
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where ] l i Mo is the chemical potential o f surfactant 1 in the micelle containing 

only surfactant 1, f j M is the activity coefficient o f surfactant 1 in the mixed micelle, 

and X jM is the mole fraction of surfactant 1 in the mixed micelle.

Using a simple phase separation model for micellization , we write for surfactant 

1 in the micelle containing only surfactant 1,

= HjO + R T l n C i M [8 ]

Eqs.[6 ], [7], and [8 ] are combined with the relationship that at equilibrium |Xj = | i j M 

to yield

C j =  X i M f i M C i M [9]

Similarly, for surfactant 2,

C2  = ( 1 - X i M ) f 2 M C2 M [10]

where C2  is the concentration o f monomeric surfactant 2, f2M is the activity

coefficient o f surfactant 2 in the mixed micelle.

At concentration below the concentration o f mixed micelle formation, the 

concentration of surfactant 1 in the solution phase is given by
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C i * O j C i 2  [ i i ]

where C 12 is the total concentration o f surfactants 1 and 2 ,

and for surfactant 2 ,

C 2 »  d - O i ) C i 2 [12]

At the mixed CM C (C i2 M) these two relationships still hold. Combining Eqs. 

[11], [12], and Eqs.[9], and [10] yields

a j C i 2 M « [ 13]

and

( 1 - a j  ) C j 2m = ( 1 - X i M ) f 2 M C2 M [14]

X i M can be eliminated to give

1 <*i + ( 1 - a i )  [ 1 5 ]

Cj2m fiMCiM f2MC2M
If f l M = f2 M = 1 ( the ideal approximation ), the Eq.[15] reduces to Eq.[5] 

Alternately, eliminate C i 2M, using Eqs.[13], and [ 14 ] to obtain

X jM = <Xif2M C2 M [ 16]

a i f 2 M C 2 M + (1- a i ) f i M C j M

for the mole fraction o f  surfactant 1 in the mixed micelle at the CMC. Eqs.[ 15], and 

[16] although correct expressions, are not helpful without some relationship between 

activity coefficients in the micelle and micelle composition. It is here that the regular 

solution approximation can be introduced for the activity coefficient in the mixed 

m ice lle :
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f j M = exp [ p M ( 1 - X i M ) 2 ]  [ H i

f2M = e x p [ p M ( X ! M )2 ] ( 1 8 ]

The parameter is related to the molecular interactions in the mixed micelle. 

Eqs.[13],[14],[17], and [18] are combined to yield

( X j M )2 ln [ a 1C i 2 M/ x i M C i M ] = 1 (19]

( 1 - X j M ) 2 in [( 1 - otj) C12 M/ ( 1

and PM In [  o ^ C ^ / x i M  C j M ]  [20]

( 1 - X i M ) 2

Eq.[19] can be solved iteratively for X j M for known values o f  C i 2 M, C i M, 

C2m , and a j .  Eq.(20] can then be solved for PM.
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Based on the 2- dim ensional gas model, the mixed m onolayer at the surface 
phase can be considered as a mixture containing only the two different surfactants.

The chemical potential, |i.j 5  , o f  surfactant 1 at the surface phase o f an aqueous
solution containing surfactants 1 and 2  can be written (2 2 ,2 3 )

M̂ l.S * H°1,S<*> + R T l n f l , S x l * YA1 (21]

where ( i° ]  5  ( n  ) is the chemical potential of surfactant 1 at the surface phase 
o f an aqueous solution o f pure surfactant 1 and is a function o f the surface pressure, 
71, f | , s  is the activity coefficient o f surfactant 1 at the surface phase, X j is the mole 
fraction of surfactant 1 at the surface phase, A j is the partial molar interfacial area of

surfactant 1 in a mixture o f surfactants 1 and 2 , and y is the surface tension.

The chemical potential, ]i.j ^  , of surfactant 1 in the bulk phase o f an aqueous 
solution containing surfactants 1 and 2  can be written

t*l.b = J»°l,b + RTlnCif ,  (22]

where ]X°i(b is the standard chemical potential o f surfactant 1 ( with the 
standard state defined as a 1 molar solution, but behaving ideally ), f j  is the activity 
coefficient o f surfactant 1 in the bulk phase, and C jis  the m olar concentration of 
surfactant 1 in the bulk phase.

At equilibrium, = ^ 1  S an<* r̂om Eqs.[21 ], and [22],

H ° , , S ( J ) -  M°l,b = RT In [ C i f i / f ] tS Xi ] + YA, [23]

For an aqueous solution o f pure surfactant 1, but at the same surface pressure, 
rt, as the aqueous solution containing surfactants 1 and 2 ,

H ° 1 ,S ( * )  "  H°l,b = RTlnCjOfjO + YA!° [24]

where f i °  is the bulk phase activity coefficient o f pure surfactant 1, C i °  is the molar 
concentration of pure surfactant 1 in the bulk phase, and A j0  is the m olar interfacial 
area occupied by pure surfactant 1. From Eqs.[23], and [24],

RT In [ C i f i / f 1(S X j C j 0  f j °  ] = y ( A i ° - A i )  [25]



When C jand  C j 0 are small, f j / f j 0 = 1 and Eq.[25] reduces to

C i  Y( A i°  -  A j ) [26J
In f l s  =   " -----

X j C jO r t

In a similar fashion, we can obtain for surfactant 2 in the mixture,

C2 Y (A 2° - A 2 ) 127]
In f2,§ = In   -  ___

( l - X i ) C 2°  RT

The activity coefficients fj § f2,S may be obtained from the second term of 

the Margules expansion approximations ( the first term being equal to zero ) (24 ):

l n f 1>s = p ° ( l - X , ) 2  [28]

In f2,s  = P °  ( X j )2 [29]

where P °  is a measure of the deviation of the mixture from ideality and related to the

m olecular interactions between surfactants 1 and 2  in the mixed m onolayer at the

surface phase.
From Eqs. [26] and [28],

C i Y( A i°  -  A j )
P ^ d - X j )2 = In     [30]

X j C i°  RT

and from Eqs.[27] and [29],

C2 -  Y (A 2 ° - A 2 ) [31]
p O ( X j )2  = I n ________  _______________

( l - X i ) C 2°  RT
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Let B j  _

and B2 =

Y( A i ° -  A] ) 

RT

y(  A20 -  A2 ) 

RT

In ( C 1/ C 10  X i )  -  Bj  
Thus, (3° =   [32]

( 1 -  X j )2

l n [ C 2 / C 2° ( l - X i ) ]  - B 2 
and p® =   [3 3 ]

( X i )2

From Eqs. [32] and [33],

( X i ) 2 [ l n ( C i / C i ° X i )  -  Bj ]

( 1 -  X i  )2 [ In ( C 2/ C 20  ( 1 - X!  ) -  B2 ]

[34]

There are two assum ptions for the m olar area o f surfactant (25), the first 

assumption is that the area occupied by a mole o f surfactant in the mixed monolayer 

of the mixture is not significantly different from that in a monolayer o f the individual 

surfactant, i.e., A j «  A j0  and A2 «  A2° , t h u s  Bj  = B2  = 0

Eqs.[32],[33], and [34] then become 
In [ C i / C i ®  X H  

P° =   [35]

( 1 -  X i )2

In [ C2/ C 2°  (1 -  X j ) ]
P° =   [36]

( X !  )2

I
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( X !  )2 M C i / C ^ X ! )  
and   = 1 [37]

(1 -  X j )2 l n [ C 2 /C 2° (  1 -  Xi ) ]
The second assumption is that the ratio o f the partial m olar areas o f the two 

surfactants in the mixed monolayer equals that o f the two individual surfactants at the 

same surface tension, i.e.,

A i / A 2 = A i ° /A 2°  [38]

Eq.[38] implies that A \  is some fraction, k, o f A i° , due to the reduction o f the 

repulsion between the ionic head groups and that A2  is the same fraction o f A2°, 

because o f the mutual neutralization o f charge by the oppositely • charged head 

groups in the mixed monolayer. That is A j = k A j0  and A2  = k A2°.

We have the relationship

X j A j  + ( 1 -  X ! ) A 2 = A av (39]

From Eqs.[38] and [39],
A av A |°

A 1

and

A2

From these,

X j A j 0  + ( 1 -  Xj  ) A2°  

A av A2°

X \ A \ °  + (  1 -  Xj  ) A2°

n  av

Y ( A i ° - A i )  T A l ° [  X^ A j 0  + ( 1 -  Xi  ) A2°  ]
Bj  = ______________  =   [40]

RT RT

i
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and

[ . - ____ ^ _________ I
y ( A20  ■ A2 ) yA2°  I  X ] A ] °  + ( 1 - X ] ) A 2°  -I

B2 = ______________  =   [41]
RT RT

Eqs.[32] and [34] then become

A

P° =

av

In L X j A j 0  + (1 - X j )  A2

C i ° X i RT

Cl  YA i °  f 1 - _______   I
L Xi A t °  + (1 - Xi )  A?0 J

[42]

( 1 -  X j )2

and

A av
.  y A j0  n   ------------------------------  1

X ^ l n ^ / C ^ X i ) -  R T  L X j  A i °  +  (1 “ X j )  A 2 °  J ]

A av
= 1 [43]

(1-X!)2[ l n ( C 2/ C 20 ( l - X i )  -  y A o o n  - __________________ ]]
RT 1 X j A j °  + ( 1 -X  j ) A2°  J

Since C j, C i° ,  C2 , C20 , A j 0 , A2° a n d A av can be obtained from experimental 

data , X j can be solved numerically from Eq.[43]. Substituting X j into Eq.[42], the 

interaction parameter, pa , can be obtained.

It is apparent from a comparison of Eqs.[35] and [37] with Eqs.[42] and [43] that 

as the quantity 1 -  Aav/[  X j A j 0  + (1-Xj  ) A20  ], which we shall call the 

" packing deviation factor ", decreases, the two sets o f equations become more and 

more similar and that when the quantity equal zero, the two sets of equations are the 

same. W hen the " packing deviation factor " is positive, then P °  obtained from 

Eq.[42] will be more negative than that obtained from Eq.[35],when it is negative, 

then P °  obtained from Eq.[42] will be more positive or less negative than that 

obtained from Eq.[35].
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Kolp, et al (26) investigated the interaction o f dimethyl dodecylamine oxide 

(DMDAO) with sodium dodecylbenzenesulfonate (NaDBS). By studies o f pH, light 

transm ission, and diffusion coefficient, DM DAO and NaDBS have been found to 

interact in aqueous solution in the following ways : ( 1 ) Below the CM C of the 

mixture, the protonated form of the amine oxide and the dodecylbenzene precipitated 

m etathedcally . This consumption o f the protonated form results in protonation o f 

additional amine oxide, which results in an increase in pH, the pK$p of the precipitate 

is 10.8 , ( 2 )  Above the CMC, the phenomenon o f mixed micelle formation is added 

to the metathetical interaction. The CMC of the system containing a 2:3 mole ratio o f 

NaDBS to DM DAO is 0.706 X 10 ‘ 3 mole/l ( NaDBS + D M D A O ), lower than the 

CM C of either of the surfactant alone . The molar ratio in the mixed micelle is about 

1:2 NaDBS : DMDAO.

Rosen, e t al (27) investigated the interaction o f  dim ethyl dodecylam ine 

oxide(DM D AO ) with potassium dodecanesulfonate (K D SO 3 ) in dilute aqueous 

solution by surface tension study below the CMC of either solute. It was shown that 

the protonated dimethyl dodecylamine oxide cation, formed by the reaction o f  

DM DAO with water, reacts with the dodecanesulfonate anion to form a salt, 

C j2 H 2 5 N (C H 3 )2 0 H  +-  O 3S C 12H25  ( B ). The infrared spectrum of this salt 

indicates that the cation and anion are strongly hydrogen bonded via the ionizable 

hydrogen. They developed equations for calculating the activity o f B in aqueous 

solutions containing B as the only solute and in aqueous mixtures of DMDAO and 

KDSO3 . The coincidence of the y -  activity o f B curve for solutions containing B as 

the only solute with that for aqueous KDSO3 -D M D A O  mixtures indicates that the 

activity o f B determines the y o f these mixtures. The slope o f the y -  activity o f B 

curve indicates a close -  packed arrangement of the hydrocarbon chains o f B at the 

solution/air interface.

NMR investigations on micellar systems have been undertaken in the past decade 

by several authors (2 8  "4 3  ). This method has been used predominantly to measure 

the CM C and aggregation, and associate equilibrium constants. Chemical shifts, line 

widths and relaxation times o f the nuclei ( H ^, and occasionally ) o f the 

surfactant m olecules at various concentrations had been m easured to obtain the 

information about the micellar properties. However, m ost o f these measurements 

have been done on single surfactant compounds and not on mixed micellar systems, 

probably because of complication o f these systems.
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The NMR technique is thought to be one of the powerful tools to investigate the 
intermolecular interaction of two different surfactants in their mixed micelles and it 

will give us some information of this interaction which may not be obtained by means 

of other techniques ( 44” 4 6 ).

Tokiwa and Tsujii ( 44 ) studied the interaction between anionic and nonionic 

surfactants in their mixed micelles by NM R technique. In this study, the NMR 

spectra o f aqueous solutions o f nonionic surfactant, dodecyl polyether ( C 12POE ) 

with different number o f oxyethylene units, have been measured in the presence of 

anionic surfactants, sodium dodecyl sulfate ( N aC j2 S ) and sodium p - octylbenzene- 

sulfonate ( NaCgBS ), at different molar ratios of anionic/nonionic surfactant. When 

NaCgBS is added to C 12POE solutions, the peak due to protons o f the polyoxyethy- 

lene chain o f C 12POE shifts to a higher magnetic field and becomes broader, the 

extent of the upfield shift depending on the polyoxyethylene chain length of C 12POE 

and the mixing ratio o f N aC gB S/C ^PO E . However, this peak rem ains at the same 

position and shows no remarkable change on addition o f N a C ^ S . The upfield shift 

o f  the polyoxyethylene peak caused by addition o f NaCgBS is ascribed to  an 

interaction between the polyoxyethylene chain of C 12POE and the benzene ring of 

NaCgBS in their mixed micelle, since the only difference between the two anionic 

surfactants is whether they have a benzene ring in the molecule or not. Incidentally 

on mixing C 12POE with NaCgBS, the peak due to phenyl protons o f NaCgBS near 

to the alkyl chain shifts to a lower field to the extent o f 3 - 4 cps.

This interaction has been discussed in relation to the polyoxyethylene chain length 

o f C 12POE and the mixing ratio o f  N aC gB S /C i2 POE. In the mixed micelle, the 

number of C 12POE molecules influenced by one NaCgBS molecule was calculated to 

be 0 .6  - 1 .6 , depending on the polyoxyethylene chain length and nearly constant for 

C 12POE with oxyethylene units larger than about 9. The num ber o f oxyethylene 

units influenced by the benzene ring o f NaCgBS was estimated to be about 9. In any 

study of the interaction between nonionics and ionics, the concentrations of the two 

species could be expected to be im portant in governing the nature, extent, and 

mechanism of the interaction. Such anionic - nonionic interaction would therefore be 

a sensitive function of the molar ratio of anionic to nonionic.
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The curves o f upfield shift Av vs concentration C for C 12POE with different p  

( the number o f oxyethylene units per m olecu le) are shown in Figure 1, where C  is 

the concentration o f NaCgBS expressed by the m olar ratio o f N aC gB S /C ^P O E , the 

concentration o f C 12POE is being kept constant. When one compares the value of&v 

at constant C, it decreases with increasing number of p. This suggests t h a t , in the 

mixed micelle, the influence o f the benzene ring of NaCgBS on the polyoxyethylene 

protons cannot extend to the whole polyoxyethylene chain when the chain is 

sufficiently long.

*Qu

C IN o C ,B S /C lfPOE). mol.

Figure 1. The upfield shift, Av, o f the polyoxyethylene proton 

signal plotted against the concentration, C, o f added NaCgBS 

for C 12POE-P with different p.

Bansal, et al (4 7  ) also studied anionic - nonionic surfactant interaction in the 

mixed micelle by the NMR technique. In this study, the anionic surfactant is sodium 

dodecylbenzenesulfonate ( NaDBS ) and the nonionic surfactants are tripropylene 

glycol monomethyl ether ( PPG - 3 ) and tetrapropylene glycol monomethyl ether 

( PPG - 4 ) .  In the mixed micelle involving propylene glycol monomethyl ether 

( PPG ) and NaDBS, it is likely that protons of PPG that are packed facing the 

benzene ring will experience the ring current paramagnetism and will be shifted 

upfield and it was found that the aromatic protons of NaDBS undergo a very sm a ll, 

almost negligible downfield shift. The changes in the chemical shift values and the 

integration values of the polypropylene protons and benzene protons was interpreted
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in terms of mixed micelle formation with simultaneous presence o f highly fluid mixed 

micelles of varying compositions. Kalibabchuk (4 8  ) investigated the interaction of 

cetyl pyridinium bromide with oxyethylated alcohols in aqueous medium. In this 

investigation, the NMR spectra show that ( OCH2C H 2 ) groups interact with the 

aromatic rings of cetyl pyridinium bromide in mixed micelles. Only 0.39 - 0.77 

polyether mol interacts with 1 cetyl pyridinium bromide mol.

In surface and interfacial monolayers, two or more components often interact with 

another. Corkill, et al ( 49 ) investigated monolayer formed by mixtures of anionic 

and cationic surface-active agents. The study was made o f the monolayers formed by 

salts of the type alkyl trimethylammonium alkyl sulfate at the air/solution interface. 

Insoluble monolayers were examined on a Langmuir trough. Although the substrate 

or the particular m olecular species involved has some e ffe c t , maximum interaction 

invariably occurs at a 1: 1 ratio o f long chain cation to anion. The composition o f the 

surface layers of the soluble m em bers was measured by radiotracer techniques. 

W hen the long chain cation and anion have the same chain length, an equim olar 

surface composition is obtained.

Hendrikx (5 0 ) studied interactions in mixed films of docosyl trimethylammonium 

brom ide and sodium  dodecyl sulfate. In th is study , film s o f docosyl 

trim ethylam m onium  brom ide, sodium  dodecyl sulfate , and m ixtures o f both 

constituents spread on aqueous solutions (pH= 5.5) have been investigated. The 

results give evidence of electrostatic interaction taking place in the mixed films. The 

effect of cetyl alcohol upon the equimolar films (A) of cationic and anionic surfactants 

has also been studied. The cetyl alcohol and " A mixture " are in 1:1 ratio. From 

surface pressure and surface potential measurements, it appears that there is no 

interaction between cetyl alcohol and the equim olar" A mixture ". There is either an 

ideal m ixture or tw o nonm iscible compounds. From  the surface potential 

m easurements, he has deduced the values o f permanent dipole moments of cetyl 

alcohol and docosyl trimethylammonium bromide molecules. As a matter o f fact, the 

surface potential o f  the mixed films, with a surface density higher than the collapse 

density, decreases as a function o f the salt activity in the substrate, namely CaCl2
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Yoshio, et al (51) investigated the interaction between sulfobetaine type surfactants 

and ionic surfactant in aqueous solution. They found that the CMC of 3- dodecyl 

dimethyl ammoniopropane-1-sulfonic acid(I) -  dodecyl trimethylammonium chloride 

mixtures indicated that the two surfactants behaved as homologs. In sodium dodecyl 

sulfate ( I I ) -  I mixtures, the CMC were sm aller than those for I or II alone and 

indicated that I was a cationic surfactant. The conductance o f I-II mixtures depends 

anomalously on the I : II ratio, and the phenomenon was explained by association - 

dissociation of counterions to ( or f r o m ) the comicelles of I and II.

M ukhayer, et al ( 52 ) studied the interaction of benzyltriphenylphosphonium  

chloride (B T PC ) and sodium dodecyl sulfate ( SDDS ) in aqueous solution, a model 

system for large organic ions of opposite charge by using the conductimetric titration 

method (53 ). This revealed three regions of interaction. In the first region, the 

interaction is the formation of the soluble ion - pairs ( BTP + DDS" ). A approach 

derived from  J o b ' s  continuous variation m ethod ( 54 ) was applied to the 

conductivity data to determine the ion - pair association constant ( Kjon.pair = 156) .  

The second region occurs when the two ions interact to form an insoluble complex. 

The complex was defined by the solubility product for a 1:1 salt (Ks = 9.97X10 ~8). 

A quadratic relationship was used for predicting the free and complcxcd BTP+ and 

D D S " ions in the solution. The values predicted by this relationship were in 

qualitative agreement with the experimentally calculated complcxed ions determined 

from conductivity measurements. The experimental values were corrected for the 

presence of ion - pairs and obstruction effect due to the complex. The third region is 

characterized by the micellar solubilization o f the complex.

Davis, et al ( 55 ) investigated the effect o f ionic strength, temperature and urea on 

the interaction between sodium dodecyl sulfate(SDDS) and benzyltriphenylphospho - 

nium chloride ( B T P C ). In this study, they found that the interaction between SDDS 

and BTPC in aqueous solution results in the formation of an insoluble complex 

(DDSBTP ). The solubility of this complex can be altered by changes in ionic 

strength and temperature and the addition o f urea. An increased ionic strength 

increases the solubility of the complex ( i.e., it is salted in ). The calculated mean 

activity coefficient lies close to the Debye - Huckel line for a 1 : 1 electrolyte until the
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ionic strength reaches about 0.1. Above this point the activity coefficient decreases 

rapidly and the solubility o f the complex increases due to the formation o f mixed 

m icellar aggregates o f  D D S" species with BTP+ species as counter ions. The 

solubility o f the complex also changes with an increase in temperature, an increase in 

temperature from 10 -  60 °  C gives rise first to a reduced solubility and then to an 

increased solubility. The decrease in solubility with increased temperature at lower 

temperature is attributed to the increased interaction between the hydrophobic moieties 

o f the interacting species. At higher temperature the solubility increases since 

increased temperature not only affects water structure but also the dielectric constant 

o f the medium and thus electrostatic interaction between the two ions. Added urea 

brings about an increased solubility of the complex through its well known effect on 

hydrogen - bonded w ater and in turn its destabilizing effect on hydrophobic 

interactions. It is concluded that complex formation between two large organic ions 

o f opposite charge such as BTP+ and DDS" is a twofold process, the coulombic 

interaction between the two centers o f opposite charge and hydrophobic interaction 

between the two bulky nonpolar portions of the ions.

Mukhayer, et al ( 5 6 )  investigated the effect of alkyl chain length on the interaction 

between sodium alkyl sulfates ( anions ) and various phosphonium  compounds 

(cations ) by conductimetric titration. The logarithm of the stoichiometric solubility 

product ( log Ks ) is linearly related to alkyl chain length and the free energy of 

transfer ( A G p° ) o f a CH2  group from aqueous environm ent to the complex is 

found to be - 3.2 kJ mol *1 for alkyl groups attached to the anion but only - 1.0 k J 

mol ‘  ̂ for groups attached to the cation. The thermodynamic quantities A H p° and 

A Sp° have been derived from  studies on the temperature variation o f log Ks’. The 

derived data support the view that the separated phase resulting from  anion - cation 

interaction is liquid - like in nature ( a coacervate).

Mukhayer, et al ( 57 ) also investigated the effect of various substituents in the 

benzyl moiety on the interaction between benzyltriphenylphosphonium chloride and 

sodium dodecyl sulfate by conductimetric titration at a range o f temperature. 

Calculated functional group contributions to the thermodynamics o f  complexation 

(AAGp, AAHp, AASp) are considered in terms of a twofold interaction process, 

electrostatic interaction between charged centers reinforced by hydrophobic 

interaction between nonpolar functions.
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Lange and Beck (20) investigated the effect of oxyethylene group on (5M values o f 

polyoxyethylenated nonionic • anionic systems in aqueous solution at 25 0  C. The 

values o f  PM are -3.1 for the system C ^ S C ^ N a  -  Cg ( EO >4 , -3.4 for the system 

C j 2 S0 4 Na -  Cg ( EO )g, and - 4.1 for the system C i 2 >S0 4 Na -  Cg ( EO ) j 2 - 

From this data, it is apparent that the interaction between an alkyl sulfate and a 

polyoxyethylenated nonionic increases with increasing the number o f oxyethylene 

units in the nonionic. This may be due to the greater complexing o f  Na+ with the 

ether oxygens of polyoxyethylene chain with increasing the number o f oxyethylene 

units, giving the nonionic a greater amount of cationic character, leading to the 

stronger interaction with an alkyl sulfate.

There have been many studies on the interactions o f nonionic and anionic 

surfactants in aqueous solutions ( 5 8 - 6 8  ), in which the mixed micelle formation o f 

mixtures has been studied by measuring the surface tension and by solubilization 

methods. Recently, Meguro, et al ( 69 ) investigated the interaction between sodium 

tetradecyl sulfate and a series o f homogeneous polyoxyethylene glycol- n -dodecyl 

ethers. In this study, the surface tensions o f a mixed system of sodium tetradecyl 

sulfate ( STS ) and a series o f polyoxyethylene glycol-n-dodecyl ether (nED, n =5-8 ) 

were m easured at temperature of 30 0  and 40 0  C, respectively. When the STS 

concentration was fixed, the surface tension curves of the mixed systems showed a 

flat portion in the range o f which the mixed m icelle would be formed. The 

appearance of the flat portion on the surface tension curves suggests the existence o f 

interaction between STS and nED. With a decrease of the added STS concentration , 

the length of the flat portion in these curves decreased gradually, and finally 

disappeared in the presence of 0.05 mM STS. Furthermore , when the concentration 

o f STS was fixed at 1.0 mM, which is below the CMC, the flat portion length in the 

surface tension curves decreased with decreasing oxyethylene chain length in nED 

and with increasing temperature. The influence o f  increment o f temperature was 

comparable to that for reducing the length of oxyethylene chain in nED.

On the other hand, sodium - di - 2 - ethyl hexyl sulfosuccinate ( AOT ) is an 

im portant practical anionic surfactant widely used in nonaqueous as well as in 

aqueous solutions. Although the micelle formation and solution behavior of AOT in 

water have been studied by several workers ( 70 - 73 ), there are a few studies o f 

interaction of AOT with other surfactants, Chang, et al ( 74 ) studied the surface 

properties o f mixtures o f AOT and nonionic surfactants by measuring their surface
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tensions and by calculating the interaction param eter betw een them. In this 

investigation, the surface tensions o f the m ixed systems consisting of AOT and 

hom ogeneous polyoxyethylene glycol -n - dodecyl ether ( nED, n = 5 - 8 ) were 

measured in the absence and presence of NaCl by modified W ilhelmy plate method. 

In the case of the system containing nED and AOT, the nED concentrations were 

fixed at various amounts, and all the surface tension curves approached 32 or 33 

mNm "1 as the concentration of AOT approached 1x10 '3  m ol/1. On the other hand, 

when the AOT concentration was fixed at 1x10 *3 m ol/1, the surface tension curves 

for the mixed system showed a flat portion in the range where mixed micelle in the 

solution and the two dimensional ones on the water surface were formed. In the case 

o f the system containing 6 ED, AOT and NaCl, the surface tension curves show 

inflection points shifted to higher concentration o f AOT as the concentration of 6 ED 

increased.

In systems containing constant concentration o f AOT ( 9.66x10 m ol/1), the 

average values of P °  are -0.9 for the 5ED - AOT system, -1.2 for the 6 ED - AOT 

system, -1.5 for the 7ED - AOT system, and -2.6 for the 8 ED - AOT system. These 

results for nED - AOT systems suggest that deviation from the ideal increases with 

increasing the length o f oxyethylene chain o f nonionic surfactant and that the 

interaction of nonionic surfactant and AOT increases with increasing the length of 

oxyethylene chain of nED.

Further, in systems containing constant concentration o f nED, the average values 

of (3° are -1.2 for the 5ED - AOT system, -1.2 for the 6 ED - AOT system , -2.1 for 

the 7ED - AOT system, and -2.3 for the 8ED - AOT system. The magnitude of Pa  

with oxyethylene chain length of nonionic surfactants shows tendency similar to that 

described above. Additionally, they found that the absolute value of P °  for the 

system containing constant concentration o f 6 ED increases with increasing AOT 

concentration, suggesting the stronger interaction of 6 ED and AOT with increasing 

AOT concentration.
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Rosen and Hua ( 75 ) studied m olecular interactions at aqueous solution/air 

interface in binary mixtures o f surfactants. Three systems were investigated : 

C i 2 (EO )3  - C 12 (EO)8 , C ^ S C ^ N a  - C 12 (EO)g . and C i 2PyrB r- C i2 (EO )g. 

The surface m olecular interaction param eter p °  for the system C 12 (E O )3  - 

C j 2 (EO)g has an average value of - 0.17, indicating an almost ideal mixture in the 

surface. For the system C i 2 S0 3 Na - C 12 (EO)g, the average value of p °  is - 2.5, 

indicating significantly stronger interaction between C 12SO3 and C 12 (EO)g than 

between C \ 2  (EO )3  and C 12 (EO)g For the system C ] 2 PyrBr -C 12 (EO)g , (3° 

has an average value of - 0.79, which appears to indicate that the interaction between 

a cationic and polyoxyethylenated nonionic is somewhat greater than that between 

two polyoxyethylenated nonionics, but significantly less than that between an anionic 

and polyoxyethylenated nonionic. A possible explanation is that protonation of some 

ether oxygens in polyoxyethylene chain causes the nonionic to act as a weakly 

cationic material in the presence of the anionic surfactant. This is consistent with the 

known tendency of polyoxyethylenated nonionic to show weakly cationic character at 

reduced pH in the presence o f  large anions ( 76 ) and we can conclude t h a t , for 

surfactants containing the same hydrophobic group, the order of molecular interaction 

in aqueous solution with polyoxyethylenated nonionic is anionic > cationic > 

nonionic.

From the previous work o f  Rosen and Hua ( 75 ), the interaction between 

polyoxyethylenated nonionic surfactants and anionic surfactants is believed to be due 

mainly to the weakly cationic character of the polyoxyethylene chain. In order to test 

this hypothesis , Rosen and Zhao ( 77 ) investigated the interaction between 

C i 2 (EO)g and C j2 S0 3 Na at 25 0  C in NaCl solution of 0.1 M total ionic strength 

(T.I.S.) at pH 3.1o. 5 .8 5 , and 10. lo* The values of Pa  are - 2.64 at pH 3.1o. -2.55 

at pH 5 .8 5 , and - 2.47 at pH 10. lo- The decrease in the absolute value o f p a  with 

increasing pH is consistent with the hypothesized weakly cationic character of the 

polyoxyethylene chain.
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Rosen and Zhao ( 7 7 )  studied the effect of relative number o f carbon atoms in the 

two hydrophobic groups on p ° , three sets of system s were investigated at 25 °  C , 

all in NaCl solution at 0.1 M T .I .S .:

( 1 ) C i 2 (EO )8  m ixtures with sodium alkyl sulfates o f C io , C j 2  and C 14 chain 

length

( 2  ) C |2 (EO)g mixtures with sodium alkanesulfonates of C jq . C 12 and C 14 chain 

length

( 3 ) 1,2  - dodecanediol ( C 12 d i o l ) mixtures with sodium alkanesulfonates o f C jq .

C 12 and C 14 chain length .

The values o f (5° for these systems are listed in table 1 

Table 1 Effect of relative number o f carbon atoms in the two hydrophobic groups 

on P °

System P °

C i 2 (EO)g - CjoSCXjNa -3.2

C i 2 (EO)g -Ci2SC>4Na -3.5

C i 2 (EO)g - C i4 SC>4 Na -3.2

C j 2 (EO)g -C io S C ^ N a -2.2

C i2 (EO)g - C i 2 S0 3 Na -2.6

C i 2 (EO)g -Ci4SC>3Na -2.3

C i 2 diol - C ioSC ^N a -2.4

C j2 diol - C j 2 S0 3 Na -3.2

C i 2 diol - C i4 S0 3 Na -2.6

From the data in table 1, we can see that maximum interaction occurs when the two 

different surfactants have alkyl chains with the same number o f carbon atoms. The 

data also indicate that interaction of sodium alkanesulfonates with C 12  diol is 

somewhat stronger than that with C i 2 (EO)g. This may be due, at le a s t , in part, to 

the smaller area occupied at the aqueous solution/air interface by C 12 diol (0-2  nm2 )



2 4

(78 ) than by Ci2(EO)8 (0 .6 6  nm^ ) (79 ), permitting closer approach o f the former 

to alkanesulfonates.

Rosen and Zhao (7 7  ) also investigated the effect o f ionic strength o f  solution on 

the interaction between polyoxyethylenated nonionic and ionic surfactants, the 

systems studied are C i 2(EO )8  - C i 2PyrCl, C i2 (EO )8 - C i 2 S0 4 Na, and C i 2 (EO)8 

- C i2 SC>3Na. The values of P °  are shown in table 2

Table 2 Effect of ionic strength o f solution on (J° at 25 °  C

System Medium P °

C i2(E O )g - C i2PyiC l H2O -2.8

C i2(E O )8  - C i2PyrC l 0.1 M T.I.S  (NaCl) -2.2

C i2(E O )8 - C i2PyrC l 0.5 M T.I.S (NaCl) -1.5

C j2(E O )g - Ci2SC>4Na H2 O -2.7

Ci2(EO>8 - Ci2SC>4Na 0.1 M T.I.S (NaCl) -3.5

C j 2(EO)8 - C i2S 04N a 0.5 M T.I.S (NaCl) -3.1

C i2(E O )g - Ci2SC>3Na h 2o -1.5

C i2(E O )g - Ci2SC>3Na 0.1 M T.I.S  (NaCl) -2.6

C j2(E O )8 - C j2 S0 3 Na 0.5 M T.I.S (NaCl) -2.0

C i 2PyrCl = n - dodecyl pyridinium chloride

From the data in table 2, we can see that the interaction between nonionic 

C i 2 (EO)g and cationic C ^ P y rC l decreases monotonously with increasing the ionic 

strength o f the solution, indicating that the nature of the interaction between nonionic 

and cationic is probably electrostatic ( since increase in the ionic strength of the 

solution decreases electrostatic interactions ). However, an increase in the ionic 

strength o f the solution produces first an increase, and then a decrease, in the 

interaction between nonionic and anionic surfactants. The explanation for this initial
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increase is that, in the presence o f anionic surfactant, there is complexing of Na+ with 

the ether oxygens o f polyoxyethylene chain, giving the nonionic a small amount o f 

cationic character, with the results that its interaction with the anionic increases. The 

decrease in the interaction between nonionic and anionic with increasing ionic 

strength of the solution to 0.5 M is then the usual decrease in electrostatic interaction 

with increase in the ionic strength o f the solution.

Rosen and Zhu ( 4 )  studied the interactions of zwitterionic with nonionic, cationic 

and anionic. In the four systems investigated, three are binary mixtures of betaine, 

C i 2 H2 5 N+(CH2C6 H 5 )CH 3CH 2 COO* ( C 12BMG ), with an anionic, C j2S 0 3 Na, 

with a nonionic, C i2 (EO)g, and with a cationic, C i 2 NMe3 Br, the fourth is a binary 

m ixture o f the su lfobeta ine,C i()H 2 i N + ( C H 2 C 6 H 5 ) C H 3 C H 2 C H 2 - SO3 * ( 
C j o B M T  ) with the anionic, C j 2 S0 3 Na. The values o f  (3° and JjM fo r these 

systems are shown in table 3

Table 3 Values o f P °  and pM  for systems investigated at 25 0  C

System po pM

C i 2 B M G - C i 2 (EO)g - 0 .6 - 0 .9

C 12BMG - C i 2 NM e3 Br -  1.3 -  1.3

C i 2BMG - C j2 S 0 3 N a  , pH = 5.0 - 6 .9 - 5 .4

C 12BMG - C i 2 S0 3 N a , pH = 5.85 - 5 .7 - 5 .0

C 12BMG - C i 2 S0 3 Na , pH = 6.7 - 4 .9 - 4 .4

C iqB M T  - C i2 S 0 3 N a , pH = 6 .6 - 2 .5

It is apparent from the data in table 3 that the betaine interacts much more strongly 

with the anionic than with the cationic or nonionic surfactant. Since the hydrophobic 

groups in all three cases are o f similar structure and chain length, the different in p 

values reflect differences in the interaction between the two different hydrophilic 

groups in each binary system. On comparison of the system C 12BM G - C i 2 S0 3 Na, 

pH =6.7 and the system C joB M T  - C i2S0 3 Na , pH = 6 .6  , the first system contains 

a zwitterionic ( a betaine ) capable of readily accepting a proton to become a cationic
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species, the second system contains a zwitterionic ( a sulfobetaine ) o f sim ilar 

structure that is much less capable o f accepting a proton ( the sulfonate ion is a much 

weaker base than the carboxylate ion ). The greater ability o f the first system to 

accept a proton, with the resulting strong anionic - cationic interaction, gives it a 

significantly greater negative P °  value than the second system, at similar pH. Note 

also the increase in the negative values o f both P °  and pM wit), decrease in pH, as 

would be expected for an interaction involving acceptance o f a proton.

Zhao and Zhu ( 80 ) investigated molecular interaction in mixed solution of 

fluorocarbon and hydrocarbon surfactants. The systems studied are C7 F i 5COONa

( C 7 F N a ) - C i o S 0 4 N a ,  C7FNa - C )2 S0 4 Na , C 8 H 17SOCH3 - C7FNa ,

CgN(CH3 )Br- C7 FNa, and C )o F )9 0 (C2 H4 0 )9 H -t- C g H i7 C 5 H4 0 (C2H4 0  )i()H.

In mixed anionic - anionic systems C7FNa - C )oS 0 4 Na and C7FNa - C )2 S0 4 Na,

in NaCl solution of 0.1 M T.I.S at 30 0  C the values o f pa  are all positive, which is 

to say, the activity coefficient o f surfactants in the surface phase are greater than 1, 

clearly  indicating the mutual phobicity between FC- and HC- chains o f the

surfactants. However, the positive values of P °  are considerably small ( 0.5 -0.8 ), 

showing a rather weak mutual phobic interaction. For the nonionic -nonionic system,

C i o F i 9 0 (C 2 H4 0 )9 H - 1 -C gH )7 C 6 H4 0 (C 2 H4 0 ) io H , P °  has a small positive 

value (0 .6  ), it once again clearly shows the mutual phobic interaction between FC- 

and HC- chains o f the surfactants. For the cationic - anionic system, CgN(CH3 )Br -

C 7FNa in NaBr solution of 0.1 M T.I.S at 30 0  C the values o f P °  at various mole

ratio o f C g N ( C H 3 >Br and C7 FNa are negative and rather large ( -12 -  -15 ) 

indicating the strong molecular interactions due to the strong coulombic attraction 

between the two opposite charged surface active ions. For the nonionic - anionic 

system, C g H ) 7 SO C H 3 - C7FNa in NaBr solution o f 0.1 M T.I.S at 25 0  C, the

rather great value of p °  (- 5 -  - 6  ) shows the strong molecular interaction between

the two com ponents ' polar groups , since the two hydrophobic chains would be

mutual - phobic. Considerably strong molecular interaction between C gH )7 SOCH3 t

and C7FNa may be probably attributed to the strong polarity o f ^S = 0  group which
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would gain a proton in the aqueous solution to becom e slightly positive

charge ( i.e., C g H p S O C H s  + H+ <..........> C g H i7 S+(O H )C H 3 ) and thus a

strong interaction takes place between C g H i7 S+(O H )C H 3 and C7 F '  due to the 

coulombic attraction. This is evidenced by the fact that pH o f  the aqueous solution of

C g H i7 SOCH3 becomes higher than water and the absolute value o f ôr ^ 8 ^ 1 7  - 

S O C H 3 - C gN (C H 3 )Br system is much smaller than that for C g H i 7 S O C H 3 - 

C7 F-Na system. The weak mutual phobic interaction between FC- and HC- chains 

has been clearly revealved in the anionic - anionic and nonionic - nonionic systems as

indicated by the positive p °  values. In the systems with considerable molecular 

interactions between the two surfactant components, such as C jgN (C H 3 )Br-C7 FNa 

and C gH i7 SOCH3 - C7FNa systems, the mutual phobic interaction can be concealed

certainly and there are large negative values for these systems.
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1.3 Synergism  In Binary M ixtures O f Surfactants

In most cases, when different types o f surfactants are purposely mixed, what is 

sought is synergism, the condition when the properties o f the mixture are better than 

those attainable with the individual components by themselves ( 81).

Rosen and Hua have used the treatm ent o f Rubingh (2 1  ) for mixed micelle 

formation and their treatment of mixed monolayer formation ( 1 3 )  to derive equations

showing the relationship of the interaction parameters and (3^  to the existence of 

synergism in binary mixtures of surfactants.

1.3.1 Synergism  In Surface T ension  R eduction Efficiency

The efficiency o f surface tension reduction by a surfactant is defined ( 82 ) as 

the solution phase concentration required to produce a given surface tension 

(reduction ). Synergism  in this respect is present when a binary m ixture o f 

surfactants can yield a given surface tension ( reduction ) at a total concentration 

lower than that required o f both individual surfactants.

The point o f maximum synergism is where the lowest total concentration o f 

mixed surfactants is required to attain a given surface tension ( reduction).

With the assumption that A i = A j0  , Eq.[26] becomes

C i = X j C j O f i . s  [44]

From  Eqs.[44] and [28], we obtain

a i C12 = XjCjOexp [ ( 1 -  Xi )2 ] [45]
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With the assumption that A2 •* A20 , Eq.[27] becomes

C 2 = ( 1 - X j ) C2°  f2 ,S [46]

From Eqs.[46] and [29], we obtain

( 1 - ct j )  C 12 = ( 1 - X j  ) C2°  exp [ p ° (  X j  )2 ]  [47]

From Eq.[45],

In C j2  - In C i°  = In Xj - In otj + p°( 1 - X i )2 [48]

For synergism to exist, C ]2  < C ]°  , the condition for synergism, therefore, is

In X j - l n a j  + P °( 1 - Xj  )2 < 0  [49]

When synergism exist, there will be a minimum in the C 12 versus a jcu rv e  and

maximum synergism  will be attained where the C \ 2  versus a  j curve shows a 

m inim um , mathematically, that
d C 12

d a i

From Eq.[48],

d In C 12 1 d X \  1 d X j
  - 2 p °( 1 -  X j ) ____  [50]

d a i  X \  d a j  a i  d a i

d C i 2  1 d X i  1 d X j
  = C 1 2 [ ____ •____ - ____ - 2p°( 1 - X 1 ) _____ ] [51]

d a j  X j d a j  a i  d oq
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d C 12
Since C i2 can never be 0,   will be o when

d a i

1 d X i  1 d X i
  - _  - 2(5°( 1 - X i )   = 0 [52]

X i d a i  a l d a l

or

d X j X i

d a i  a j [  1 - 2(J°X i( 1 - X j ) ]

From Eqs.[45] and [47],

a j  X i C j ° e x p  [ (3° ( 1-Xj )2 ]

[53]

[54]

( 1 - a j )  ( l-X i)C 2° e x p  [ (3°( X , )2 ]

Rearranging and taking logs,

In X j - In ( 1- X j ) + In ( 1 - a j  ) - In a j  + In ( C i° /C 2° )  + p ° ( l - 2 X i )  = 0 

From which.

1 d X i  i d X j  1 1 d X j
 . ___  + _ _ _ .  ______ - ____ -   - 2 ( 3 ° .______  = 0
X i d a j  ( I - Xj )  d a j  ( I - a j )  a j  d a i

d Xj  X i ( l - X i )
  =   [55]
d a !  a j ( l -  a j )  [ 1 - 2 p ° X i ( l - X i )  ]

Combine Eqs.[53] and [55],

X j = a i* [56]
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where d j*  is the mole fraction of surfactant 1 in the total surfactant in the

solution phase at the point of maximum synergism.

Relation [56] states that for a minimum or maximum to exist in the C ]2  versus

<*1 curve, the mole fraction o f either surfactant in the total surfactant in the surface

phase must equal its mole fraction in the total surfactant in the solution phase.

Combine Eqs.[56] and[49] and recalling that (1-Xj )2 is always a positive

number, we conclude t h a t , for synergism to exist, (3° must be negative.

Since d j  = X \  at the minimum, Eq.[54] reduces to

C i °  exp [ p°(  1-Xi)2]

  = 1,

C 2° e x p [ p 0 ( X 1)2]

From which, In ( C i ° / C 2° ) = - P° (  1 - 2Xj )  [57]

Since 0 < X j < 1 and P °  must be negative for synergism to exist, relationship 

[57] states that a second condition for synergism is that

| In ( C \ ° / C 2 °  ) |  must be < | p ° |

W hen surfactant 1 is more surface active than surfactant 2, i.e., C j0  < C20 , then 

d j*  and X i will be > 0.5 at the point of maximum synergism, when surfactant 1 is

less surface active than surfactant 2, d j  * and X j will be < 0.5 at that point.

The minimum total mixed surfactant concentration in the solution phase, 

C i 2 ,min > required to produce a given surface tension (reduction) , and the 

individual solution phase concentrations o f surfactants 1 and 2 , C s j a n d  C $ 2 -
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respectively, at the point o f maximum synergism in surface tension reduction 

efficiency, can be calculated from Eqs.[48] and [57].

Since <Xj* = Xj  at that point, Eq.[48] reduces to

l " C | 2 ,min -  1 " C | ° * P ° ( 1 - X i ) 2  W )

From Eq.[57],

In { C i° /C 2°  ) + Pa
X! = ------------------------------------  = « !*  [59]

2 0 °

(60)

From Eqs.[58] and [59],

f  po  . in (C i0 /C 2° )  I 2 

ln Cl2,min = + P ° [ --  ^po-----------  J

Or

r f  p<J - ln (C 1o / C 2°) I 2 1 C l 2 , m i n  =  C i ° e x p i P a ^ - - - - - - - - - - -  J  J [ 6 1 ]

Csi = <*i*c12tmin [62)

and

CS2 = C i2>mjn '  CS i 163]
In sum m ary, the conditions for synergism  in surface tension reduction 

efficiency are

( 1) P °  must be negative

(2) | In (C i° /C 2°) | must be < | p °  |
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1.3.2 Synergism  In M ixed M icelle Form ation

Synergism in mixed micelle formation is present when CM C o f the mixture is 

lower than that of the individual pure surfactants.

From Eqs.[13] and [17],

a lc 12M = X j M C j M e x p ]  PM ( l - X i M )2  [64J

From Eqs.[14] and [18],

( 1- a j )  C i 2m  = ( 1 -  X j M ) C 2m  exp[ pM ( X j M )2 (651

From Eqs.[64] and [65], relationships analogous to those derived for synergism in 

surface tension reduction efficiency can be obtained for synergism in mixed micelle 

formation.

The conditions for synergism in this respect are

( 1 ) |}M must be negative

( 2 )  |  l n ( C i M / C 2M )|  < |  PM |

At the point of maximum synergism in mixed micelle formation, i.e., when the

CMC of the mixture is at its minimum value, C j2 ^ )inin ,

= X !M = In ( C i m / C 2m ) + PM [6 6 ]
2 pM

The minimum CM C of the mixture at the point o f m axim um  synergism, 

C i 2 ^ ,m in , ‘ e * l^c minimum total mixed surfactant concentration in the solution 
phase required for mixed micelle formation, is given by the relationship:

r r |}M . in (C |M /C ;M )  121 

C l 2Mjn in  -  C i M « p l p M l  2 ( M  J J  [67]
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The solution phase concentration of surfactant 1 at the point o f  maximum 

synergism in mixed micelle formation, C $ j M , is given by

C s , M = a | * . M C l 2 Mimin [6 8 ]

and for surfactant 2 ,

CS2M -  C ,2 Mimin . c s l M 169]

1.3.3 Synergism  In Surface Tension R eduction Effectiveness

The effectiveness of surface tension reduction has been defined( 83 ) as the 

surface tension reduction attained at the CMC. Synergism in this respect is present 

when the mixture o f surfactants of its CMC reaches a lower surface tension than that 

obtained at the CMC of either component of the mixture by itself.

Rosen and Zhu ( 5 ) and Hua and Rosen ( 14 ) have derived equations for the

conditions under which synergism in surface tension effectiveness will exist at the 

CM C in binary mixtures of surfactants.

The basic equations o f the nonideal solution theory ( 13 ) for adsorption at the 

liquid/air interface from a solution of two surfactants at its CM C ( C j2 ^  ) are
a i C i 2 ^  .
________  = X i f i s  = Xj exp  [ P° (  1—X i  )2 ] [70]
CjO.cmc

( l - a i ) C i 2 M „  ,
_______________ = ( l - X 1) f 2 ,S = ( l - X i ) e x p [ p O ( X 1) 2 ]  [71]

CjO.cmc

where Ci°>cmc and C 2° ,cmc are the solution phase m olar concentrations of 

individual surfactants 1 and 2 , respectively, required to yield a surface tension equal 

to Ycmc • surface tension o f the mixture at its CM C
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The linear portion of the y - In C plot of each individual surfactant at its CMC 

can hypothetically be extended to concentration values above the CMC to yield

surface tension values equal to the surface tension Ycmc l^c mixturc at *ls CMC 

(9,11), yielding the relationships :

Ycmc * K l ' + K, ln  C , ° 'cmc [721

Ycmc = k 2  + K2ln [73]

From Eq.[70),

In Ci°>cmc = In d j  + l n C i 2 M - l n X !  - (3°( 1 -  X j )2  [74)

W hile Eq.[71] yields

In C 2°«cmc = In ( 1- + In C 12M - In ( 1-Xj )  - p °( X]  )2 (75]

Substituting Eq.(74] into Eq.[72] yields

Ycmc = K l ’ + K U h M c q C ^ / X i )  - ( 3 ° ( 1 - X 1 ) 2 ]  [76]

W hen synergism in surface tension reduction effectiveness exists, there will be 

a minimum in the YCmc versus ctjcurve, i.e.,

dYcmc 1 d l n C i 2 M 1 dXi  dXj
  = K j f   + __________   + 2 p ° ( l - X I )  ] = 0
d a i  a i  da i  Xj  d a i  d a j

[77]
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Or

din C j2 M 1 dX j i
_________ = [ ___  - 2po( i _ X l ) ]   - ____________  [78]

d a j  X l d a i  a l

Similarly, from Eqs.[75] and [73]

din C i2 M 1 dX i 1
__________ = I ____ + 2 p ° X i  ] ____  -   [ 79]
d a i  1 -X i d a j  1 - a j

The basic equations o f the nonideal solution theory (21) for mixed micelle 

formation in a solution of two surfactants are

a j C ^ M
____________ = X j M f i M = X i M exp[ | JM( l - X i M )2]  [80]

q m

( l - a i ) C i 2 M
_____________  = (1- X i M ) f2M = (1- X i M ) exp[ (3m ( X iM  )2 ] [8 i]

c 2m

From Eq.[80],

In C i2m  = In C i M - In a j  + In X i M + pM ( 1 - X jM )2 [82]

and from Eq.[81],

In C i 2m  = In C2m  - In ( 1- a i ) + In ( 1- Xi  ) + PM ( X ^  )2 [83]

Differentiating Eqs.[82] and [83] with respect to a iy ie ld s

d l n C i 2M 1 1 d X i M

________  = -    + [    - 2 p M ( l - X i M ) ]    [84]

d a i  a j  X iM d a i
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and

d ln C i2 M 1 1 d X jM
_________ = - _____  - [  _______  - 2(*MX]M ] _______

d a i  1 * a l 1 ' x l ^  d a i

Combining Eqs.[84] and [78] yields

1 dX i 1 dX i M

[ _  -2(JO(l-Xi)]   = [ _  - 2 pM(l- X i ^ ) ]  ____

Xi d a j  X1M d«l

While combining Eqs.[85] and [79] yields

1 dX j 1 d X jM

[ ___  -  2P ° X j  ] ____  = [ _  - 2pMX j M ]  ____

1-Xi d a j  1*X1M d a i

Dividing Eq.[86] by [87] yields

(l /Xj) - 2P°(1-Xj) (1/XiM) -2pM(i-XiM)

(l/ l-Xj) - 2p°Xi (I / l -XiM) - 2 p MX i M

Which reduces to

X i = X jM [88]

Relationship [88] states th a t , for either a minimum or a maximum in the Ycmc vcrsus 

a i  curve to exist, the composition o f the mixed surface layer must equal that of the 

mixed micelle.

Combining Eqs.[74], [82], and [88], we obtain

[85]

[86]

[87]

In C jM - In C i0>cmc = ( P ° - P M )( 1- X j  )2 [89]
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W hile combining Eqs.[75], [83], and [88] yields

ln C 2 M - ln C 2°-cmc = ( pa -  pM ) ( X j )2 [90]

Substituting Eq.[72] into Eq.[89] yields

K 1ln C iM  + K 1, - Ycmc = K i( |3 0 -p M )( i . x 1)2 = Y°cm cl-Ycm c [91] 

While substituting Eq.[73] into Eq.[90] yields

K2  In C2M + K2 - Ycmc = K2 ( p o . pM )( X l )2 .  Y°cmc2 - Ycmc [92]

where Y°cmcl ancl Y°cmc2 the surface tension values at their CM C s of 

individual surfactants 1 and 2, respectively.

Conditions For the Existence of Synergism and Negative Synergism in Surface 

Tension Reduction Effectiveness

Synergism in surface tension reduction effectiveness exists when

Ycmc < Y°cmcl «Y°cmc2
In Eqs.[91] and [92] we know that K j and K2 ( the slope o f the Y - In C plots

of the individual surfactants 1 and 2, respectively .) are always negative and terms

(1 X j )2 and ( X \  )2 are always positive. The necessary condition for synergism in

this respect, i.e., Ycmc < Y°cmcl* Y°cmc2»is 111611

p o  _ pM < o

The necessary condition for negative synergism in this respect, i.e., Ycmc > Y°cmcl» 

Y°cmc2»1S
p a  _ pM > o

Combining Eqs.[74] and [75], we obtain 

In Ci°*cmc - In a i  + In X i + pCF(I-X 1)2

= In C2°>cmc - In ( 1- a i )  + In (1-X j) + P °( X ^ 2 [93]



3 9

Combining Eqs.[82] and [83], we obtain

In C ]M - In a i  + In X jM  + pM( 1-X jM  )2

= In C2 M - In (1- a j )  + In ( l - X iM ) +PM ( X jM )2  [94]

Combining Eqs.[93], [94], and [88], we obtain

In[ ( C i o , c m c / c 2 ° . c m c  )( C2M/C iM ) ] = (p °  ‘ P M ) (2X! - I) [95]

From Eq.[95], since 2 X \  - 1 < 1, then the condition for either a minimum

or a maximum to exist in the ycmc versus a  i curve is

| po  -  pM | > | in[ (C jO .c m c ^ o .c m c  ) (C 2M/C iM )] |

In summary, the conditions for the existence o f synergism in this respect are

(1  ) p °  -  pM < 0

( 2 ) |  p °  -  pM | > | ln[ (C jo ,cm c /c 2o,cmc )( ^ M /C jM  )] |

The conditions for the existence of negative synergism in this respect are 

( 1 ) p °  -  pM > 0

( 2 )  p O - p M  > | i n [ ( C i 0 -cmc/C 2°»c m c ) ( C 2M/C iM ) ] |

Conditions at the Point of Maximum Synergism

The different between the surface tension of the mixed solution at its CMC and 

that o f the individual surfactants 1 and 2 at their C M C s when X j*  = X ^ * *  arc

1°cm cl - r 'c m c  = *!<  P ° - P M ) ( 1 - X i*  9  [96]
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7°cmc2' Y cmc = ^2 ( P° ~ )( X 1 [97]

where Y*cmc *s Ycmc al a minimum or maximum in the Ycmc vcrsus ®l curve, X j*  is 
X [ corresponding to a minimum or maximum in the Ycmc versus o ticurve, and 
X jM ,*  is X i ^  corresponding to a minimum or m aximum  in the Ycmc versus 

a ic u rv e .

From Eqs.[96] and [97], we obtain

Y°cmcl - K l ( P °  - p M x i - X j V
_______________________________________ = 1 [98]
Y°cmc2 - K2( P ® - p M ) ( X l * )2

Eq.[98] is solved numerically for X i* . From Eq.[94], we obtain

In (oci/1- a j )  = In (C!M/C2M) + In ( X ^ i -  XjM ) + pM( j. 2X!**)

From which

( C i M / C 2M )( X i M/ l -  X ! M )exp[ p M ( i -  2X j M )]

a i  = ___________________________________________________  [9 9 ]__
  1 + ( C 1M/C 2 M ) ( X 1M/ i - X 1M ) cxp [ p M ( i . 2 X 1M )]

Substituting the value of X j * = X j M into Eq.[99],

( C ^ / C z M x  X i V *  X i*  )exp[ p M (i. 2 X X* )]

  [ 100]

1 + (C !M /C 2 M )( X !* /l-  X i*  )exp[ pM( l-  2 X i*  )]

where a j *  is the mole fraction o f surfactant 1 in the total surfactant in the solution 

phase at the point of maximum synergism or negative synergism.

Substituting the value o f X \ *  and a j *  into Eq.[82] or [83] we obtain, 

respectively.

In C i 2 M -* = In C iM - In a ! *  + In X j*  + pM( l-  X j*  )2  [ 101]



41

or

In C i2 M>* = In C 2M - In (1- a j*  ) + In (1- X ]*  ) + pM ( X j*  )2 [102]

where C 12M -* is the CMC of the mixture at the point of maximum synergism or 

negative synergism.

Substituting the value of X j*  into Eq.[96] or [97], we obtain, respectively,

Y*cmc = Y ° c m c l - K l ( P ° - P M ) ( l - X i * ) 2 [103]

or

Y*cmc = Y°cmc2 - K2 ( - PM )( X j*  )2 [104]

I
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Chapter II 

Experimental

2.1 Materials

2.1.1 Surface Active Agents

Sodium dodecyl sulfate, C j 2 H2 5 S0 4 Na ( C i 2 S0 4 Na ) and sodium dodecyl 

sulfonate, C i2 H2 5 SC>3 Na ( C i 2 SC>3Na ) were purchased from Research plus, Inc, 

Bayonne, N.J., > 98 %  purity. Sodium dodecyl polyoxyethylenc sulfate, C 12H2 5 - 

(OC2H4 )xSC>4 Na [ C j 2 (E0 )xS 0 4 Na ] where X = 2-4, were obtained from Henkel, 

West Germany, courtesy o f Dr. M. Schwuger.

Sodium di - 2 ethylhexyl sulfosuccinate (AOT) and sodium  di amyl 

sulfosuccinate (AAY) were obtained from American Cyanamid company, W ayne, 

N.J. n - Tetradecyl am m onium  brom ide,C i4 H 2 9 N +(C H 3 )3 Br * [C ^ N B r  ] was 

synthesized in our laboratory.

Octaethyleneglycol mono n - dodecyl ether, C i 2 H2 5 (OC2H4 )gO H [C i2 (EO)g] 

and tetraethyleneglycol mono n - dodecyl ether, C i 2 H2 5 (0 C 2H4 )4 0 H [C i2 (E0 )4 ] 

were purchased from Nikko Chemical Co, Tkyo, Japan. The purity is > 98 %.

c 12h 25 - 2 - C6 H4 SC>3Na (2° LAS ) and C 12H25  - 4 -C6 H4 SC>3Na (4° LAS) 

were research samples obtained from Conoco Inc, Oklahoma.

2.1.2 Water and Inorganic Salt

The water used for the preparation o f surfactant solutions was deionized first 

and distilled twice ( the last distillation being from alkaline KMn0 4  solution, through

a 3 feet higi. Vipreaux colum n with quartz condenser and receiver ). The specific 

conductance of the quartz condensed water is 1.1x10 ‘ 6  mho cm '  1 at 25 0  C and 

the pH is about 5.8.

Sodium chloride (100 % standard, Thom Smith Chemist, B eulah,M I.), used to 

adjust ionic strength o f the solutions , was baked over 6  hours in a porcelain
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casserole at red heat to remove traces of organic compounds. The surface tension of 

aqueous solution o f the baked NaCl was measured to ensure the absence of traces of 

surface-active impurities. Magnesium carbonate was purchased from J.T. Baker 

Chemical Co, N.J.

2.2 Purification and Concentration Determ ination in Aqueous  

Surfactant Solution

Before being used for surface tension measurement, aqueous solutions of the 

surfactants which were prepared with quartz distilled water were further purified by 

repeated passage through minicolumns of octadecylsilanized silica gel ( SEP - PAK 

Q g  Cartridge, W ater Assoc, Milford, M ass)( 84 ) to remove any traces o f impurities 

more surface active than the parent compound, until the surface tension versus log 

concentration curve of the material showed no minimum in the vicinity of the CMC 

and, in addition, reached equilibrium value of surface tension within one hour.

The concentrations o f C i 2 (EO)g and C i 2 (EO >4 solutions were determined 

from standard curves of surface tension versus log concentration of pure C j 2 (EO)g 

and C i 2 (E O )4  in this lab ( 85 ). The concentration o f sodium  di - amyl 

sulfosuccinate ( AAY ) solution was determined by accurately weighing the chemical 

( dried in vacuo over phosphorus pentoxide to constant w e ig h t) and preparing the 

solution in a volumetric flask.

Two - phase titration using mixed indicator ( 86 ) was used to determine the 

concentrations o f the other ionic surfactant solutions, after passage through the SEP - 

PAK column first. The titration is based upon the transfer o f dye - anionic surfactant 

complex between aqueous phase and organic phase. The organic - soluble complex 

o f an anionic surfactant with a basic dye is destroyed by the cationic surfactant and 

the dye is released into the water phase and the com plex o f anionic and cationic 

surfactants enters the organic phase ( chloroform ).

To 10 ml o f anionic surfactant of unknown concentration ( approximately 

2 x 1 0 ' 3 M ) in a 200 ml glass - stopped conical flask, 15 ml of chloroform ,10 ml of 

water and 10 ml o f acidic mixed indicator were added. This solution was titrated 

against the cationic surfactant solution, Hyamine 1662, of known concentration until



4 4

the pink color was discharged from the chloroform layer. After each addition o f 

Hyamine 1662, the mixture was vigorous shaken and then the layers arc allowed to 

separate. At the end point, the lower layer has a gray color with no traces o f pink 

color. The procedure used to determine the concentration o f C i4 N(CH3 >Br was the 

same as that used for the anionic surfactant solution, except that the anionic surfactant 

( C ] 2 S 0 3 Na ) o f known concentration was used to check the C i 4 N (C H 3 )B r 

solution o f unknown concentration.

The standard cationic surfactant solution used to titrate the anionic surfactant 

solutions, was prepared by using diisobutylphenoxyethoxyethyl dim ethyl benzyl 

ammonium chloride ( Hyamine 1662 ) (9 8  %  purity, Rohm and Hass. Co, PA ). The 

purity o f Hyamine 1662 was determined by titrating against sodium dodecyl sulfate 

(BDH Chemical, Ltd, Poole, England ). On the basic o f this, the molar absorptivity 

o f the sample o f Hyamine 1662 was determined to be 1266 L - mol '  * cm  * 1 at 

wavelength of 269.5 nm. The concentration of all subsequent Hyamine solutions 

were checked by ultraviolet absorbance and the above value of the molar absorptivity 

was used.

The acidic mixed indicator was made from dimidium bromide ( Burroughs 

Wellcome Co, Ltd, London, England) and Erioglaucine ( also called Disulphine Blue 

V )( BDH Chemical Ltd, poole, England ) (87,88). Weigh 0.5 t  0 .005 g o f 

dimidium bromide into a 50 ml beaker and weigh disulphine blue V, 0.25 1 0.005 g, 

into another 50 ml beaker. Add 25 ml of hot 10 %  ( volume ) ethanol in water to each 

beaker. Stir the solutions to dissolve the dye, then transfer them  to a 250 ml 

volumetric flask and dilute to the mark with hot 10 % ethanol solution. This solution 

was saved as a stock solution in a brown bottle. Transfer 20 ml of the above stock 

solution , 200 ml of deionized distilled water and 20 ml of 2.5 M sulfuric acid into a 

500 ml volumetric flask and shake it well, then dilute to 500 ml with distilled water. 

This is the acidic mixed indicator used for the two - phase titration o f cationic or 

anionic surfactant solutions.
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2.3 S urface  T ension  M easu rem en t

AH surface tension m easurem ents were made by W ilhelm y vertical plate 

technique (89), using a rectangle platinum plate of approximately 5 cm perim etcr(0.1 

mm thickness), sandblasted to be com pletely wetted(zero contact angle) by all 

solutions. The plate was calibrated against quartz distilled water each day that a 

measurement was made. The correction of densities was ignored in the present work 

because the weight per cent o f surfactant in all solutions was less than 1 %,  therefore, 

the densities o f surfactant solutions were considered to be that of the quartz distilled 

water.

The surface tension apparatus consists o f a circular dial - type torsion balance 

with a maximum capacity of 500 mg, readable to 0.2 mg. One of the arms was tared 

to approximately balance the platinum plate (and the cotton string supporting i t ) on 

the end of the other arm. The whole balance rests on a metal covered wood platform 

over a constant temperature bath. The platform can be raised and lowered accurately 

by a machine - threaded hydraulic device.

The solution to be tested was kept in a 200 ml dish partially immersed in a 

constant temperature bath at the desired temperature ±  0.02 °  C.

The procedure for measuring surface tension by the Wilhelmy plate technique is 

as follows:

(1  ) The temperature of the bath was adjusted to the desired temperature.

( 2 )  The 200 ml dish containing approximately 50 ml of the surfactant solution 

was placed in the water bath and equilibrated to the bath temperature.

( 3 ) The platinum plate was rinsed with quartz distilled water, and was flamed 

the outer portion with a Bunsen burner flame until it was red, holding the plate 

vertically by a pair o f tweezers.

( 4 ) The plate was suspended from the cotton thread suspended from  the 

locked balance. The balance was unlocked and adjusted to read zero.

( 5 ) The balance was locked and lowered slowly until the lower edge o f the 

plate almost reached its image reflected from the surface o f  the solution. The plate 

was checked and adjusted, if necessary, to lie parallel to the surface o f the solution. 

The stirrer of the constant temperature bath was shut off, the balance was unlocked 

and the assembly lowered until the plate was just pulled under the surface o f the 

solution. The stirrer of the constant temperature bath was turned on.
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( 6 ) The samples were aged at least for 15 m inutes before readings were 

taken.

( 7 ) The readings were taken as follows: The stirrer o f the constant 

temperature bath was shut off and the plate was restored to it's original position in 

space by moving the arm of the torsion balance until the pointer reached the zero 

position. The plate was immersed again and left for 10 to 15 minutes before the next 

measurement was made. Five successive readings were taken without detaching the 

plate from the surface o f the solution.

2.4 Determ ination o f  [N a+ ] o f  S ingle  and M ixed Surfactant  

S y s te m s

[Na+] of single and mixed surfactant systems were measured by a sodium ion 

selective electrode Cat.No. 13-639-20 ( Fisher Scientific Co. Pittsburgh, Pa.) 

equipped with pH m eter ( model 135 A, Delta - matic ) at pH 5.2, 25 °  C. A 

saturated KC1 - calomel electrode was used as a reference. The calibration curves of 

[Na+] versus mV are shown in figures 23 - 27. Uncertainty in reading mV = 0.5 mV 

= 0 .5 x l0 '4  M Na+. In these measurements, the number o f readings = 9.
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Chapter III 

Results and Discussion

3.1 Effect o f  Surfactant Structure and Molecular Environment, on 

Values of p °  and p ^

3.1.1 Effect of LAS Structure on Values o f  P °  and p ^

Systems C i2 (EO)g - 4 o LAS and C j 2 (EO )8  - 2 0 LAS were investigated at 

25 °  C in distilled water and in NaCl solutions o f 0.005 and 0.01 M total ionic 

strength ( T.I.S. ). Values of P °  and P ^  are listed in table 4. Plots o f surface

tension ( y )  versus logarithm  o f  total surfactant concentration ( log C j 2 ) for 

C j 2 (EO)g , 2 °  LAS and their mixtures in water and in NaCl solutions of 0.005 and

0.01 M T.I.S. are shown in figures 8 , 9, and 10, respectively. Plots of y versus log - 

C i 2  for C i 2 (EO)g, 4 0  LAS and their m ixtures in water and in NaCl solutions o f 

0.005 and 0.01 M T.I.S. are shown in figures 11, 12, and 13, respectively.
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Table 4 Effect of LAS Structure on Values of P °  and P ^  at 25 °  C

System Medium P° pM

C i 2 ( E O ) g -4 ° L A S h 2o -2 .4 -5 .0

C i2 (E O )g -2 ° L A S h 2o -3 .0 -5 .3

C i2 (E O )g -4 ° L A S 0.005 M T.I.S.(NaCl) -3 .8 -5 .4

C i 2 (EO )g- 2 °  LAS 0.005 M T.I.S.(NaCl) -4 .0 -5 .7

C l 2 (EO)g - 4 0  LAS 0.01 M T.I.S.(NaCl) -3 .9 -4 .7

C i2 (EO)g - 2 0  LAS 0.01 M T.I.S.(NaCI) -4 .3 -5 .4

From the data in table 4, it is apparent that the system C i2 (EO)g - 2 0  LAS has

greater absolute values o f P °  and P ^  than the system C j 2 (E O )g  - 4 °  L A S , 

indicating the stronger interactions between the two surfactants in m ixed monolayer 

and in mixed micelle in the system C i2 (EO)g - 2° LAS than in the system C j2 (EO)g- 

4 0  LAS. This is because 2 °  LAS has a more linear structure than 4 0  L A S , 

therefore perm itting more lateral chain - chain interaction with C i 2 (EO)g by the 

former. And the stronger interaction o f 2 0  LAS, compared to 4 °  LAS, with C \ 2  . 

(EO )g in the mixed m onolayer may be due, at least in part, to the sm aller area

occupied at the aqueous solution/air interface by 2 0  LAS ( 64.9, 51.8, and 47 A°2 

in H2 O , 0.005 and 0.01 M T.I.S.( N a C l), respectively.) than by 4 0  LAS ( 69 , 

56, and 51 A°2 in H2 O, 0.005 and 0.01 M T.I.S.( N aC l), respectively ), permitting 

closer approach o f 2 0  LAS to C ]2 (EO)g.
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3.1.2 Effect of Ionic Strength of the Solution on Values of P °  

and 0 ^

The system C j 2 (EO)g - 4 °  LAS was investigated in distilled water and in 

NaCl solutions o f 0.005, 0.01, 0.025, 0.05, and 0.1 M T.I.S. at 25 0  C, and the 

systm C i 2 (EO)g - AOT was investigated in distilled water and in NaCl solutions of

0.01, 0.025, and 0.05 M T.I.S. at 25 0  C. Values of pc , p M , and Aav are listed in

table 5. Plots o f y versus log C j 2 for C i2 (EO)g, 4 °  IAS and their mixtures in water 

and in NaCl solutions of 0.005, 0.01, 0.025, 0.05, and 0.1 M T.I.S. are shown in

figures 11,12,13,14,15, and 16, respectively. Plots o f y versus log C j 2 fo r 

C i 2 (EO)g, AOT and their mixtures in water and in NaCl solutions o f 0.01,0.025, 

and 0.05 M T.I.S. are shown in figures 17, 18, 19, and 20, respectively.

Table 5 Effect o f Ionic Strength of the Solution on Values o f P °  and P ^  at 25° C

System Medium P °  P ^  Aav, A°2

C i2 (EO)g - 4 °  LAS h 2o -2 .4 -5 .0 70.0

C l2 ( E O ) g - 4 ° L A S 0.005 M T.I.S.(NaCl) -3 .8 - 5.4 57.0

C l2 ( E O ) g - 4 ° L A S 0.01 M T.I.S.(NaCl) - 3.9 - 4.7 56.0

C j 2 (EO)g - 4 °  LAS 0.025 M T.I.S.(NaCl) -3 .8 - 4.6 54.3

C i 2 (EO)g - 4 °  LAS 0.05 M T.I.S.(NaCl) -3 .7 -4 .2 51.0

C j 2 (EO)g - 4 °  LAS 0.1 M T.I.S.(NaCl) - 3.5 - 3.9 50.0

C i 2 (EO)g - AOT h 2o -2 .4 - 2 .0 73.0

C i2 (EO)g - AOT 0.01 M T.I.S.(NaCl) - 2 .8 -4 .2 63.0

C i2 (EO)g - AOT 0.025 M T.I.S.(NaCl) -2 .4 -3 .9 61.7

C l2 (EO)g - AOT 0.05 M T.I.S.(NaCl) - 1.7 -3 .6 59.5
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From the data in table 5, it is apparent that the interaction between C i 2 (EO )8

and 4 °  LAS in the mixed monolayer at the aqueous solution /air interface increases 

with increase in the ionic strength of the solution to 0.01 M, followed by a decrease 

with further increase in the ionic strength to 0.1 M, and there is an increase in the 

interaction between the two surfactants in the mixed micelle with increase in the ionic 

strength o f the solution to 0.005 M, followed by a decrease with further increase in 

the ionic strength to 0.1 M.

The electrostatic component of the attractive interaction between the surfactant 

molecules in the mixed monolayer and in the mixed micelle would be expected to 

decrease with increase in the ionic strength of the solution due to compression o f the 

electrical double layer surrounding the charged head groups.

The reason for the initial increase in the strength of the interaction between the 

two surfactants with increase in the ionic strength to 0.005 M is that, in the presence 

of anionic surfactant, there is complexing of the Na+ with some of the ether oxygens 

in the polyoxyethylcne chain of the polyoxyethylenated nonionic, C i 2 (EO )8 , in a 

manner similar to their interaction with crown ethers ( 90 ), giving the nonionic a 

small amount of cationic character, with the result that its interaction with the anionic 

increases. Alkali - metal cations have been shown to be capable o f complexing with 

polyoxyethylenated nonionics in the presence of anionic surfactants and other large 

anions ( 91 ), and these complexes have been used as a basis for the analysis of this 

type o f nonionic (9 2 ,9 3  ).

As the ionic strength o f the solution is further increased to 0.1 M, the interaction 

between the two surfactants decreases. This is because the usual decrease in electro - 

static interaction between the two surfactants as a result of an increase in the ionic 

strength o f the solution overcomes the increase in the interaction due to the increase in 

complexation ( Once a given Na+ concentration is reached, complexation increases 

only slightly with the increase in Na+ concentration ).

The values o f the average area, Aav , per surfactant molecule in the mixed

m onolayer at the aqueous solution/air interface are consistent with the results. It is 

apparent from the data in table 5 that, as the ionic strength of the solution increases to 

0.005 M the value of Aav decreases significantly. This is because the formed 

complex increases the interaction with the anionic surfactant and the increasing ionic 

strength o f the solution lowers the repulsion between remaining charge o f similarly
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charged surfactant molecules. The Aav value is decreased only slightly with further 

increase in the ionic strength to 0.1 M. This is because the major repulsive force 

between the surfactant molecules having similar charged head groups has already 

been decreased by the increase in the ionic strength to 0.005 M.

The results for the system C j 2 (EO )8  - AOT are similar to those o f the system

C j2(EO )g - 4 0 LAS.

3.1.3 EfTect of Temperature on Values o f  P °  and P ^

The system Ci2(EO>8 - 2 °  LAS was investigated in NaCl solution o f 0.01 M

T.I.S. at 25 ° ,  35 ° ,  and 40 0 C, respectively. Values of p ° , an(j p a  _  pM  ^

listed in table 6. Plots o f y versus log C j2  for C i 2 (E O )8 , 2 0 LAS, and their 

m ixtures in NaCl solution of 0.01 M T.I.S. at 25 ° ,  35 ° , and 40 0 C are shown in 

figures 10, 21, and 22, respectively.

Table 6 Effect of Temperature on Values of P °  and p ^

System : C i2(EO )8 - 2 ® LAS, 0.01 M T.I.S.(NaCl)

T e m p .( ° C )  pa  pM pa - p M Aa v (A°2)

25 -4 .3 -5 .4 1.1 59.3

35 -3 .7 -4 .3 0.6 60.5

40 -3 .4 - 3.8 0.4 61.2
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From the data in table 6 , it is apparent that as temperature increases, the absolute

values o f Pa  and P ^  decrease, indicating a decrease in strength o f interaction 

between the two surfactants with increase in temperature. This is due to the fact that 

the area occupied by both of interacting surfactant molecules increase with increase in 

temperature in the range investigated, with consequent increase in the intermolecular 

distance, leading to the weaker interaction between them. The surface area per 

molecule for C i 2 (EO)g in 0.01 M T.I.S.(NaCl) are 65, 66.5, and 67 A° 2  at 25 ° , 

35 ° ,  and 40 0  C, respectively, and the surface area per molecule for 2 °  LAS in 

0.01 M T.I.S.(N aCl) are 47, 48.3, and 49 A° 2 at 25 ° ,  35 ° ,  and 4 0 ° C ,

respectively. The values of Aav are consistent with the result. The values of P °- 

also decrease with increase in temperature, this is because there is a larger decrease in 

interaction between surfactant m olecules in the mixed micelle than in the mixed

monolayer at the aqueous solution/air interface with temperature increase in this 

range.

3.1.4 Effect o f  -SO 4 * VS -S O j*  Group on Value o f  P °  i n  

Presence of M g2 +

Four systems were investigated in 1.95x10'^ M Mg2+ solution at 25 0  C : 

C !2 (E0 )3 S0 4Na - C ^ S C ^ N a , C i 2 (E0 )3 S0 4Na - C ^ S C ^ N a , C i 2 (E0 )4 S0 4Na -

C i 2 SC>3Na, and C i 2 (E0 )4 S0 4Na - C i 2 S0 4 Na. Plots of y  versus log C \ 2  for these

systems are shown in Figures 4,5,6, and 7. Values o f p °  for these systems are listed 

in table 7.
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Table 7 Effect o f-S O 4 - VS -SO3 '  Group on Values o f P °  in Presence of 

M g2* at 25 0  C.

System Medium P°

C i 2 (E0 )3 S0 4 Na - C j2 S0 3 Na 1.95x10-3 M Mg2* -0 .44

C ]2 (EO)3 S0 4 Na - C ^ S C ^ N a 1.95x10-3 M Mg2* - 2.1

C i 2 (EO)4 SC>4 Na - C ^ S C ^ N a 1.95x10-3 M Mg2* -0.71

C i2 (E0 )4 S0 4 Na - C i 2 SC>4 Na 1.95x10-3 M Mg2* -3 .7

From the data in table 7, it is apparent that the absolute value o f P °  for the 

system C i2 (E0 )3S0 4 Na - C ^ S C ^ N a  is greater than that for the system C i2 (EO)3 - 

SC>4 Na - C i 2 S0 3 Na. This means that interaction in the mixed m onolayer at the

aqueous solution/air interface between C i 2 (E O )3 SC>4 Na and C i 2 S 0 4 Na is 

significantly stronger than that between C i2 (EO)3 SC>4 Na and C ^ S C ^ N a . And the

data also indicate that interaction in the mixed monolayer at the aqueous solution/air 

interface between C i2 (EO)4 SC>4 Na and C^SC tyN a is significantly stronger than that 

between C i2 (EO)4 SC>4 Na and C j 2 S0 3 Na .

Some of the ether oxygens in polyoxyethylene chain of polyoxyethylenated 

anionics, C i 2 (E 0 ) x S 0 4 Na ( X = 3 and 4 ) complex with M g2*, therefore the 

polyoxyethylene chain has some cationic character. In polyoxyethylenated anionics, 

the negative charge o f the surfactant ion should increase the tendency o f the ether
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oxygens to complex with Mg2+ . Since the interaction between polyoxyethylenated 

anionic surfactants and anionic surfactants is believed to be due mainly to the weakly 

cationic character of the polyoxyethylene chain, the significantly stronger interaction 

of C i 2 SC>4 Na, compared to C ^ S O jN a ,  with polyoxyethylenated anionics may 

indicate greater polarizability of the sulfate group than the sulfonate group , due to 

the oxygen atom between carbon and sulfur.

3.1.5 Effect o f  O xyethylene Group on Values o f  P CT and P ^  in  

Presence o f  M g2 +

Five systems were investigated in 1.95x10"3 M Mg2+ solution at 25 °  C : 

C i2 (E0 )2 S0 4Na - C i2 SC>3Na, C i2 (EO)3 S0 4Na - C ^ S C ^ N a , C i 2 (E0 )4 S0 4 Na- 

C 12S0 3 Na, C i 2 (E0 )3 S0 4Na - C i 2 S0 4 Na, and C i 2 (E0 )4 S0 4Na - C i 2 S0 4 Na.

Plots o f y  versus log C \ 2  for these systems are shown in figures 3,4,5,6, and 7,

respectively. Values of P°and P ^  for the systems investigated are listed in table 8 .

Table 8 Effect o f Oxyethylene Group on Values o f Pa  and P ^  in Presence of

Mg2+ at 25 °  C

System Medium P °  p ^

C i 2 (E0 )2 S0 4 N a - C i 2 S0 3 Na 1.95x10*3 M Mg2+ -0 .16

C i 2 (E0 )3 S0 4 N a - C i 2 S0 3 Na 1.95xl0"3 M Mg2+ -0 .44

C i 2 (E0 )4 S0 4 N a - C i 2 S0 3 Na 1.95xl0"3 M Mg2+ -0.71

C i 2 (E0 )3 S0 4 N a - C 12S0 4Na 1.95xl0 ' 3 M Mg2+ -2.1 -1 .2

C i 2 (EO)4 S0 4 N a - C 12S0 4Na 1.95x10"3 M Mg2+ -3 .7  -1.8
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From the data in table 8 , it is apparent that the strength of interactions between 

polyoxyethylenated anionics and C ^ S O jN a  or C i 2S0 4 Na in mixed monolayer or in 

mixed micelle increases with increase in the num ber o f oxyethylene groups in 

polyoxyethylenated anionics. This may be due to the greater complexing o f Mg2+ 

with polyoxyethylene chain with increase in the number of oxyethylene groups, 

giving the polyoxyethylene chain a greater amount of cationic character, leading to the 

stronger interactions with C j 2S0 3 Na or C j2S0 4 Na. The complexing efficiency of 

Mg2+ to the polyoxyethylene chain depends on the fit of Mg2+ in the polyoxyethylene 

chain. It has been shown that the binding o f cation to a crown ether depends on both 

the size of the crown ring and the ionic diameter of the cation (9 4  ).

3.2 Synergism in Surface Tension Reduction Efficiency

The system C i 2 (EO)g - 2 °  LAS was investigated in NaCl solution of 0.005 M 

T.I.S. at 25 0  C and 0.01 M T.I.S. at 25 ° , 35 ° , and 40 °  C, respectively. The 

system C i 2 (EO )g - 4 °  LAS was investigated in NaCl solutions o f 0.005, 0.01, 

0.025, and 0.05 M T.I.S. at 25 °  C. The system C i 2 (EO)g - AOT was investigated 

in NaCl solutions of 0.01, 0.025, and 0.05 M T.I.S. at 25 °  C. And systems 

C i 2 (E0 >3S0 4 Na - C ]2S0 4 Na, and C i2(EO)4 Na - C j 2 S0 4 Na were investigated in 

1.9 5 x 10 '3  M M g2+ solution at 25 °  C. The experimental data for these systems arc 

shown in tables 9 -1 5 . From the data in these tables, it is apparent that the calculated 

values o f C i 2 ,min (Eq.61), the minimum total mixed surfactant concentration in the 

solution phase required to produce a given surface tension ( reduction ) are very close 

to the experimental values.
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Table 9 Synergism in Surface Tension Reduction Efficiency at 25 °  C

S vstem M edium a i * 1 C l 2 , mol dm"^ (J°

C i2 (EO)g - 2 °  LAS 0.005 M T.I.S 0 0 26.3x10-5 -

( N a C l )

0.675 0.730 2.69x10-5 -3.9

0.764 0.759 2.60x10*5 -4.1

1.0 1.0 3.31x10*5 -

y =  42 m N m ’ l a l*(calcd) = 0.760

In (C i° /C 2°)  = -2.07, C 12,min (calcd) = 2.59x10"^ imol dm* 5, (J°av = -4.0

Svstem M edium » i- X i C l 2 . mol dm"5 P °

C i2 (E O )g -2 °  LAS 0.01 M T.I.S. 0 0 18.20x10-5 -

( N aC l)

0.6002 0.67 2.32x10-5 -4.2

0.7576 0.72 2.21x10-5 -4.4

1.0 1.0 3.31x10-5 -

Y= 42 m N m 'l ai*(calcd) = 0.69

In (C i° /C 2° )  = -1.70, C i 2 .min (calcd) = 2.28x10*^ mol dm*3, P ° av = *4.3
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Table 10 Synergism in Surface Tension Reduction Efficiency at 35 0 and 40 °  C

Svstem Medium Q] X l £ l 2 ,mol dm"^ P °

C i 2 (E O )8 -2 °  LAS 0.01 M T.I.S. 0 0 14.10x10-5 -

at 35 °  C ( N aC l)

0.6797 0.722 1.84x10*5 -3.7

0.7608 0.749 1.78x10-5 -3.8

1.0 1.0 2.29x10-5 -

Y = 42 m Nm "' a i* (ca lcd ) = 0.752

In (C i° /C 2° )  = -1.82, C i 2 .min (calcd) = 1 .78x10-5 mol dm" 5, (J°av = -3.7

Svstem Medium a j X l C l 2 ,mol dm"3 P °

C i2 (EO)g - 2 °  LAS 0.01 M T.I.S 0 0 13.5x10-5 -

at 40 °  C ( N a C l)

0.6797 0.740 1.74x10*5 -3.4

0.7562 0.770 1.70x10-5 -3.4

1.0 1.0 2.00x10*5

7  = 42 m Nm ' 1 otj * (calcd) = 0.782

In (C i° /C 2 ° )  = -1.91, C i 2 .min (calcd) = 1.70x10*5 mol dm*3, (J°av = -3.4
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Table 11 Synergism in Surface Tension Reduction Efficiency at 25 °  C

Svstem Medium * 1 X l C i2 ,mol dm *3 P °

C i2 (EO )8 - 40 LAS 0.005 M T.I.S. 0 0 38.0x10*5 -

( Na C l )

0.3992 0.647 4.62x10*5 -3.8

0.7686 0.770 3.70x10*5 -3.9

1.0 1.0 4.57x10*5 -

y = 40 m N m 'l a j* (calcd) = 0.780

In (C i° /C 2° )  = -2 .12 , C i 2 ,min = 3.72x10*5 3 o P °av  = -3-8

System Medium « 1 X l C i2 ,mol dm*3 P °

C i2 (E O )g -4 0  LAS 0.01 M T.I.S. 0 0 25.1x10*5 -

( N a C l )

0.02824 0.374 9.55x10*5 -3.9

0.1331 0.515 5.01x10*5 -4.0

0.7566 0.763 2.70x10*5 -3.8

1.0 1.0 3.31x10*5

Y = 42 mNm'* f lj  *(calcd) = 0.762

In (C i° /C 2°) = -2.05, C i 2 ,min (calcd) = 2.69x10*5 mol dm*3, (J°av * -3.9
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Table 12 Synergism in Surface Tension Reduction Efficiency at 25 °  C

Sysiem Medium fli X l £  12 ,mol dm* 3

C ] 2 (EO)g - 4 °  LAS 0.025 M T.I.S. 0 0 11.40xl0-5

( N aC l)

0.4571 0.569 2.63x10-5

0.6275 0.630 2.54x10*5

1.0 1.0 4.27x10-5

y = 40 m N m ' I a j* (calcd) = 0.629

In (C i° /C 2° )  = -0.98, C i 2 ,min (calcd) = 2 .57x10" 5 mol dm"5, (Ja av

Svstem Medium d j X l £ l 2 ,mol dm '5

C j2 (EO)g - 4 °  LAS 0.05 M T.I.S. 0 0 6.31x10-5

( N a C l )

0.4365 0.512 2.09x10-5

0.5534 0.553 2.00x10-5

1.0 1.0 4.27x10-5

Y = 40 m N m ' 1 ai* (calcd) = 0.553

In (C i° /C 2° )  = -0.39, C i2 .min (calcd) = 2 .0 2 x 10 ' 5 mol dm"3, P ° a,

Pa

-3.8

-3.7

3.8

P°

-3.7

-3.7

- 3.7
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Table 13 Synergism in Surface Tension Reduction Efficiency at 25 °  C

System Medium flj X I C l 2 ,mol dm"3 P °

C i2(E O )8 - 40  LAS 0.1 M T.I.S. 0 0 3.39x10-5 -

( N a C l)

0.4365 0.464 1.53x10-5 -3.4

0.5372 0.501 1.50x10-5 -3.6

1.0 1.0 3.89x10-5 -

y =  40 mNm'* ai*(calcd) = 0.52

In (C i° /C 20 ) = -0.14, C j 2 ,min (calcd) = 1.52x10 "5 mol dm*3, p ° av = -3.5

Svstem M edium a j X l £ l 2 ,mol dm"3 P °

C i2(E O )g - AOT 0.01 M T.I.S. 0 0 11.5x10*5 -

( N a C l)

0.4443 0.611 3.09x10-5 -2.6

0.7346 0.725 2.63x10-5 -2.9

1.0 1.0 3.31x10-5 -

Y = 42 mNm'* aj^(calcd ) = 0.742

In (C i0/C 2°) = -1.24, C i 2 ,min (calcd) = 2.60x10- 5 mol dm ’3, p a av = -2.8
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Table 14 Synergism in Surface Tension Reduction Efficiency at 25 0 C

System Me di um t t l X i £ l2 .m o l dm*3

C i2(EO )8 -A O T  0.025 M T.I.S. 0 0 6.03x10-5

( N a C l)

0.4363 0.548 2.46x10-5

0.6322 0.630 2.24x10-5

1.0 1.0 3.16x10-5

Y = 4 2 m N m " l  a j* (calcd ) = 0.628

In (C i° /C 2 °)  = -0.64, C i 2 .min (calcd) = 2.20x10- 5 mol dm*3, p°.

Svstem M edium «1 X l C j 2 ,mol dm"5

C i2(EO )g - AOT 0.05 M T.I.S. 0 0 4.47x10*5

( N a C l )

0.3974 0.449 2.95x10*5

0.5190 0.516 2.75x10*5

P °

-2.4

-2.5

-2.4

P °

1.6

1.8

1.0 1.0 4.27x10-5

Y= 40 mNm- '  a j* (calcd) = 0.515

In (C i° /C 2°) = -0.046, C i 2 ,min (calcd) = 2.76x10*5 mol dm"3, Pa av = -1.7
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Table 15 Synergism in Surface Tension Reduction Efficiency at 25 °  C

System : C j2 (E0 )3S0 4 Na - C j 2S0 4 Na in 1.95x10*3 M Mg2+ solution

-fil X l Ci2» mol dm *3 P °

0 0 12.2x10*4 -

0.1407 0.494 4.4 7x l0 -4 -1.9

0.6202 0.804 2.57x10*4 -1.4

0.952 0.910 1.95x10*4 -2.9

1.0 1.0 2.09x10-4

7 = 3 9  mNm** <Xj*(calcd) = 0.954

In (C i° /C 2° )  = -1.76, C i2 ,min (calcd) = 1.95x10*4 mol dm"3, p ° ay = -2.1 

System: C j2 (H0 )4 S0 4 Na - C j2S0 4 Na in 1.95x10*3 M Mg2+ solution

f l l X i Cl2« m°l dm "3 P °

0 0 12.2x10-4 -

0.1373 0.481 3.35x10-4 -3.4

0.2408 0.544 2.57xl0-4 -3.5

0.7216 0.696 1.51x10-4 -4.3

1.0 1.0 2.37x10-4 -

7  = 39 m N m '' a j*(calcd) = 0.737

In (C i° /C 2 °) = -1.64, C i 2 ,min (calcd) = 1.52x10*4 mol dm*3, pa av = -3.7
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3.2.1 E ffect o f  Ion ic  S tre n g th  o f th e  S o lu tion  on S ynerg ism  in 

S u rfa c e  T en sio n  R ed u c tio n  E fficiency

The system C i 2 (EO )8 - 2° LAS was investigated in NaCl solutions of 0.005 

and 0.01 M T.I.S., the system C i 2 (E O )8  - 4 °  LAS was investigated in NaCl 

solutions o f 0.005, 0.01, 0.025, 0.05, and 0.1 M T.I.S, and the system C i 2 (EO)g - 

AOT was investigated in NaCl solutions of 0.01, 0.025, and 0.05 M T.I.S., all at

25 °  C. Values o f J}°, In (C i° /C 2 °), a j * .  and 1 - C i 2 .m in /C i°  are listed in table 

16.

Table 16 Effect o f Ionic Strength of the Solution on Synergism in Surface 

Tension Reduction Efficiency at 25 °  C.

System Medium ln (C i° /C 2° )  cxj* 1 - C i 2 ,m in /C i°

C i2(E O )g  - 2 °  LAS 0.005 M T.I.S. 

( N a C l )

-2.07 -4.0 0.76 0.22

C i 2 ( E O ) g - 2 °  LAS 0.01 M T.I.S. 

( N a C l )

-1.70 -4.3 0.69 0.31

C i2(E O )g - 4 °  LAS 0.005 M T.I.S. 

( N a C l )

-2.12 -3.8 0.78 0.17

C j2(EO)g - 4 °  LAS 0.01 M T.I.S. 

( N a C l )

-2.05 -3.9 0.76 0.19

C 12( E O ) g - 4 0  LAS 0.025 M T.I.S. 

( N a C l )

-0.98

O
O

C
Ot 0.63 0.40

C i 2 ( E O ) g - 4 °  LAS 0.05 M T.I.S. 

( N a C l )

-0.39 -3.7 0.56 0.53

C 12(E O )g -4 °L A S 0.1 M T.I.S. 

( N a C l )

-0.14 -3.5 0.52 0.61
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Table 16 (continued) Effect o f Ionic Strength of the Solution on Synergism in 

Surface Tension Reduction Efficiency at 25 °  C.

System Medium In (C 1o/C 2° )  P °
*

«1 1- C i2 .m in /C i°

C 12(EO)8 - AOT 0.01 M T.I.S. 

( N a C l )

-1.24 -2.8 0.74 0.21

Ci2(EO)8 - AOT 0.025 M T.I.S. 

( N a C l )

-0.69 -2.4 0.63 0.29

C i2(EO )g - AOT 0.05 M T.I.S. 

( N a C l )

-0.05 -1.7 0.52 0.35

Ci°-Ci2.min
The quantity 1 - C ^ .m in  / C j °  =   , where C j0 < C 20  , is

C i°

a measure o f the degree o f synergism in surface tension reduction efficiency , the 

larger this quantity, the larger the synergistic effect. This quantity is related to 

Eq.[61],

r r ( 3 g - l n  (C 1° /C 20) I 2 ]
C i 2 .min = C i°ex p  Lp° I  2P ° J J ,  which

determines the value of the C 12 ,m in/C i0 ratio. As the difference between p °  and 

In (C i° /C 2 °) becomes larger, the C i 2 .m in /C i0 ratio decreases and the degree o f 

synergism increases.

As the ionic strength of the solution increases, there is a larger decrease in C20  

of LAS or AOT than C j0 of C i2 (EO)g . leading to a decrease in the absolute value of 

In (C i° /C 2 °) . This is because in adsorption o f ionic surfactants at the aqueous 

solution/air interface, an increase in the ionic strength o f the solution significantly 

lowers the electrical repulsion between ionic heads o f surfactant ions already at the 

interface and the similarly charged oncoming surfactant ions, but in adsorption o f 

nonionic surfactant, C i 2 (EO)g, at the aqueous solution/air interface, the increase in
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the ionic strength o f the solution only slightly low ers the repulsion between 

C ]2 (EO)g already at the interface and the oncoming C i2(EO)g.

From Eq.[61] and the data in table 16, it is apparent that as the ionic strength of 

the solution increases, the difference between and In (C i° /C 2° )  becomes larger, 

the C ] 2 .n iin /C i0 ratio decreases and the quantity 1 - C i 2 .n iin /C ]0 increases, 

indicating an increase in the degree o f synergism  in surface tension reduction 

efficiency with increase in the ionic strength o f the solution.

It is apparent from Eq.[61] and the data in table 16 that the system C i 2 (EO)g - 

4 °  LAS in 0.1 M T.I.S.(N aCl) has the largest d ifference between P °  and 

ln (C i° /C 2 ° ), and therefore, lowest value of the C 12 ,m in /C i°  ratio, leading to the 

largest degree of synergism.

And the data in table 16 indicate that the value o f a  1*, the mole fraction of 

surfactant 1 in the total surfactant in the solution phase at the point o f maximum 

synergism, decreases with increase in the ionic strength o f the solution.

1
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3.2.2 Effect o f  LAS Structure on Synergism in Surface Tension  

Reduction Efficiency

Systems C j 2 (EO)g - 2° LAS and C i2(EO )8 - 4 °  LAS were investigated in 

NaCl solutions o f 0.005 and 0.01 M T.I.S. at 25 °  C. Values of p ° ,  In (C i° /C 2 °) . 

a j* .  and 1 - C i 2 ,m in /C i°  are listed in table 17.

Table 17 Effect of LAS Structure on Synergism in Surface Tension Reduction 

Efficiency at 25 °  C.

System M edium In (C i° /C 2 °) P °  otj* 1 -C i 2 .m in /C i°

C i2 ( E O ) g - 4 ° L A S  0.005 M T.I.S . -2.12 -3.8 0.78 0.17

( N a C l)

C 12(EO)8 - 2 °  LAS 0.005 M T.I.S. -2.07 -4.0 0.76 0.22

( N a C l)

C i2 ( E O ) 8 - 4 ° L A S  0.01 M T.I.S. -2.05 -3.9 0.76 0.19

( N a C l)

C i2 ( E O ) 8 - 2 ° L A S  0.01 M T.I.S. -1.70 -4.3 0.69 0.31

( N a C l)
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Change in the chemical structure o f surfactant affects the molecular interaction

param eter (5° which in turn affects the degree o f synergism in surface tension 

reduction efficiency. Since 2 0 LAS is more surface active than 4° LAS (C20  of 2° 

LAS < C 20  of 4 0 LAS, see tables 9 and 11 ),therefore, as LAS is change from 4 0

LAS to 2° LAS, there will be a decrease in the absolute value o f In (C i°/C 2°)- 

From table 17, when systems C j2 (EO)g - 4 °  LAS and C j2 (EO)g - 2° LAS in NaCl 

solutions of the same ionic strength, are compared, it appeares that as LAS is

changed from 4 °  LAS to 2 °  LAS, the difference between P °  and In (C i° /C 2 °)

becomes larger, the C i 2 .m in /C i0 ratio decreases and the degree of synergism in 

surface tension reduction efficiency increases.
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3.2.3 Effect of Temperature on Synergism in Surface Tension
Reduction Efficiency

The system C i 2(EO)s - 2 °  LAS was investigated in NaCl solution o f 0.01 M 

T.I.S. at 25 ° , 35 ° , and 40 0 C, respectively. Values o f {3°, In (C i° /C 2 °), otj* . 

and 1- C i 2 .m in /C ]° are listed in table 18

Table 18 Effect o f Temperature on Synergism in Surface Tension Reduction 

Efficiency. System : C i 2 (EO>8 - 2 °  LAS, 0.01 M T.I.S.(NaCl)

T em p(° C) P° In (C 1° /C 20) «1* 1- C i2 ,m in /C i°

25 -4.3 -1.70 0.69 0.31

35 -3.7 -1.82 0.75 0.22

40 -3.4 -1.91 0.78 0.15

Since change in microenvironmental factor ( temperature in this case ) affects

the molecular interaction parameter (3°, therefore it is to be expected that the change in 

the temperature will affect the degree o f synergism in this respect

In this investigation, C i° values o f C i2 (EO)8  are 3.31x10*5, 2.29x10*5, and 

2.0x10*5 M at 25°, 35°, and 40° C, respectively. C2 0  values o f  2° LAS are 

18.2x10*5, 14.1x10*5, and 13.5x10*5 M at 25°, 35°, and 40° C,respectively . 

From this data, it is apparent that there is a larger %  decrease in Cj0 than in C2 0  with 

increase in temperature over the range investigated, leading to an increase in the

absolute value o f In (Ci°/C2°)
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From the data in table 18, it is apparent that as the temperature increases, the 

absolute value o f (3° decreases , but the absolute value o f  In (C ]° /C 2 °) increases, 

therefore, the difference between 0 °  and In (C i° /C 2 ° )  becomes sm aller with

increase in the temperature, leading to a decrease in the quantity 1 - C j 2 ,m in /C i°, 

indicating the decrease in the degree o f synergism in surface tension reduction 

efficiency with increase in the temperature.

3 .2 .4  E ffec t o f O x y e th y len e  G ro u p  on S y n e rg ism  in S u rfa c e  

T en sio n  R ed u c tio n  E fficiency

Systems C j2 (EO )3S0 4 Na - C j 2 S0 4 Na and C j 2 (E 0 )4 S0 4 Na - C ] 2 S0 4 Na 

were investigated in 1.95x10*3 M Mg2+ solution at 25 °  C. Values of (3°,

In (C i° /C 2°), a j* .  and 1 - C 12 ,m in /C i0 are listed in table 19

Table 19 Effect o f Oxyethylene Group on Synergism  in Surface Tension 

Reduction Efficiency at 25 0 C. Medium : 1.95x10*3 M M g2+ .

System ln (C i° /C 2°) (3° c q *  1 - C i 2 .m in /C i0

C i2 (E 0 )3 S 0 4 N a -C i2 S 0 4Na -1.76 -2.1 0.95 0.12

(Ci® = 2.09x10*4 M, C20  = 12.2xl0*4 M)

C i2 (E 0 )4 S 0 4 N a -C i2 S 0 4 N a  -1.64 -3.7 0.74 0.36

(C i°  = 2.37xl0-4 M, C20  = 12.2x10*4 M)
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It is apparent from the data in table 19 that C i°  of C i2 (EO)4 S0 4 Na is greater 

than th a to f C i2 (E0 )3S0 4 Na, leading to the decrease in the absolute value o f

l n ( C ] ° / C 2 ° )  w ith increase in the num ber o f oxyethy lene  g roups in

polyoxyethylenated anionic.

From the data in table 19, it is also apparent that as the number o f oxyethylene 

groups in the polyoxyethylenated nonionic increases from 3 to 4, the difference

between P °  and In (C i° /C 2 ° )  becom es larger, the quantity 1 - C i 2 .m in /C i°  

increases from 0.12 to 0.36, indicating an increase in the degree of synergism  in 

surface tension reduction efficiency with this change.

/
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3.3 Synergism in Mixed Micelle Formation

The system C i2 (EO)g - 2° LAS was investigated in distilled water and in NaCl 

solutions of 0.005 M T.I.S. at 25 °  C. and 0.01 M T.I.S. at 25 35 o, and 40 o C,

respectively. The system C i 2(EO)g - 4 °  LAS was investigated in distilled water and 

in NaCl solutions o f  0.01, 0.025, 0.05, and 0.1 M T.I.S . at 25 °  C. The 

experimental data for these systems are listed in tables 20 - 24. From the data in these 

tables, it is apparent that the calculated values o f C i 2M,min, the minimum CMC of 

the mixture at the point of maximum synergism in mixed micelle formation are very 

close to the experimental values.
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Table 20 Synergism in Mixed Micelle Formation at 25 0 C.

System : C |2 (EO)g - 2° LAS in H2O

<*1

0

X i m

0

C j 2 ^ .  mol dm*3 

87.5x10*^

pM

0.1075 0.497 15.1x10*5 -5.2

0.2833 0.580 9.12x10*5 -5.1

0.7111 0.693 6.31x10*5 -5.6

1.0 1.0 11.5x10*5 -

<Xi*»M(calcd) = 0.702, C i2 ^ .m in  (calcd) = 6.30x10 *5 mol dm* 3

In (C iM/C 2M ) = -2.07, e M av -  5.3

System : C i 2 (EO)g - 2° LAS in 0.005 M T.I.S.(NaCl)

fll

0

X lM

0

C 12m . mol dm*^ 

43.2x10*5

p M

0.675 0.636 4.84x10*5 -5.6

0.7640 0.659 4.70x10*5 -5.8

1.0 1.0 11.0x10*5 -

aj**M (calcd) = 0.620, C i2 ^ 4 n in  (calcd) = 4.80x10* 5 mol dm*3

In (C i m /C 2m ) = -1.40, PM av =*5.7
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Table 21 Synergism in Mixed Micelle Formation at 25 °  and 35 °  C

System : C i2 (EO)g - 2° LAS in 0.01 M T.I.S.(NaCl) at 25 0 C

flj C j2 ^ , mol dm*3 pM

0 0 33.5x10-5

0.6002 0.60 4.68x10-5 -5.4

0.7576 0.65 4 .7 9 x l0 '5 -5.5

1.0 1.0 11.0x10-5

a i* ,M (calcd ) = 0.60, C ^ ^ .m in  (calcd) = 4.67x10*5 mol dm" 3

In (C iM /C 2M ) = - l . l ,  pM av = . 5 .4

System : C ^ E O jg  - 2°  LAS in 0.01 M T.I.S.(NaCl) at 35 °  C

ttj C i2 ^ ,  moldm'3 pM

0 0 26.9x10-5

0.6797 0.658 4.57x10-5 -4.3

0.7608 0.688 4.62x10-5 -4.3

1.0 1.0 7.76x10-5

aj**M (calcd) = 0.646, C ^ ^ m i n  (calcd) = 4.56x10*5 mol dm"3 

ln ( C ] M/C 2M ) = -1.24, p Mav = -4.3
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Table 22 Synergism in Mixed Micelle Formation at 40 °  and 25 0 C

System : C ] 2(EO)g - 2° LAS in 0.01 M T.I.S.(NaCl) at 40 0 C

t t l

0

X i M

0

C i 2M. mol dm '3  

26.3xl0-5

pM

0.6797 0.675 4.57x10*5 -3.9

0.7562 0.708 4.68x10-5 -3.8

1.0 1.0 6.92x10-5 -

<Xj*»M(calcd) = 0.675, C i 2M,min (calcd) = 4.58x10" 5 mol dm" ̂

In (C iM/C 2M ) = -1.34, (JM a,  = -3.8

S ystem : C j2(EO)g - 4°LAS in H20  at 25 °  C

fll

0

2CiM

0

Q  12^ ,  mol dm"3 

16 .8x l0 '4

pM

0.5158 0.699 9.55x10-5 -4.8

0.8091 0.759 7.76x10-5 -5.2

1.0 1.0 11.0x10-5 -

aj*»M (calcd) - 0 .780 , C i2M,min (calcd) = 7.90x10"5 mol dm* 5

In (C i m /C 2m ) = -2.73, PM av = -5.0
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Table 23 Synergism in Mixed Micelle Formation at 25 °  C

System : C ] 2 (EO)g - 4 °  LAS in 0.01 M T.I.S.(NaCl)

01 X i M C l2 ^ >  m°l dm '^ pM

0 0 70.8x10*5 -

0.0282 0.362 27.5x10*5 -4.0

0.1331 0.499 12.9x10-5 -4.6

0.7566 0.698 6.16x10-5 -5.4

1.0 1.0 11.0x10-5 -

ct]* ’̂ (ca lcd ) = 0.732, C ] 2^ ,m in  (calcd) = 6 .12x l0 '5 mol dm"

ln (C iM /C 2M) = -1.86, (jMav = _4 7

System : C ]2 (EO)g - 4<> LAS in 0.025 M T.I.S.(NaCl)

fit] X l M C 12^> mol dm '^ P ^

0 0 31.3x10-5

0.4571 0.577 5.62x10-5 -4.4

0.6275 0.623 4 .9 x l0 '5 -4.8

1.0 1.0 9 .77xl0-5

a]*.M (calcd) = 0.632, C ]2^ ,m in  (calcd) = 4.9x10*5 mol dm" 3 

In (C ]M /C 2M ) = -1.16, p Mav = -4.6
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Table 24 Synergism in Mixed Micelle Formation at 25 0 C

System : C 12(EO)g - 4 °  LAS in 0.05 M T.I.S.(NaCl)

fll J L \ m Ci2M. m°l dm* ̂  P ^

0 0 20.0x10*5

0.4365 0.539 5.25x10*5 -4.2

0.5534 0.576 4.84x10*5 -4.1

1.0 1.0 9.77x10*5

a i* ’M(calcd) = 0.591, C i2M,min (calcd) = 4.81x10*5 mol dm* 3

In (C im /C 2m ) = -0.71, PMav = -4.2

System : C i 2(EO)g - 4° LAS in 0.1 M T.I.S.(NaCl)

fll X lM C i 2M, mol dm*3 pM

0 0 12.9x10*5

0.4365 0.514 4.17x10*5 -3.7

0.5372 0.546 3.70x10*5 -4.1

1.0 1.0 8.51x10*5

a j* ’M(calcd) = 0.555 , C i 2M,min (calcd) = 3.72x10*5 mol dm* 3

In (C !M/C2M) = -0.40, av = -3.9
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3.3.1 Effect o f  Ionic Strength o f  The Solution on Synergism  in 

Mixed Micelle Formation

The system C i 2(EO>8 - 2° LAS was investigated in distilled water and in NaCl 

solutions o f 0.005 and 0.01 M T.I.S., the system  C i 2 (E O )g  - 4 0 LAS was 

investigated in distilled water and in NaCl solutions o f 0 .01 ,0 .025 ,0 .05 , and 0.1 M

T.I.S, all at 25 o C. Values o f pM , In (C iM/C 2M ), a i * ’M and 1- C i 2M,m in /C iM 

are listed in table 25.

Table 25 Effect of Ionic Strength o f the Solution on Synergism in M ixed Micelle 

Formation at 25 0 C

System M edium l n ( C i^ / C 2 ^ )  <xi*’^  1 - C i 2 ^ ,m i n / C i ^

C i2 (E O )g -2 °L A S . H 2 O -2.07 -5.3 0.70 0.42

C i2 (E O )8 -2 °L A S  0.005 M T.I.S. -1.40 -5.7 0.62 0.56

(NaCl)

C i2 (E O )8 -2 °L A S  0.01 M T.I.S. -1.10 -5.4 0.60

(NaCl)

0.60

Ci2(EO )g-4°LA S H20 -2.73 -5.0 0.78 0.28

C i 2(E O )8-4°L A S 0.01 M T.I.S. -1.86 -4.7 0.73

(NaCl)

C i 2(EO)8-4<>LAS 0.025 M T.I.S -1.16 -4.6 0.63

(NaCl)

C l2(EO )8-4°LA S 0.05 M T.I.S. -0.71 -4.2 0.59

(NaCl)

C i2 (E O )8-4°LAS 0.1M T.I.S -0.41 -3.9 0.55

(NaCl)

0.55

0.49

0.51

0.44
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CiM. Cj2^,min
The quantity 1 - C ^ H m i n / C i ^  = _______________  , where C jM  < C2M ,

C jM

is a m easure of the degree of synergism in mixed micelle formation , the larger this 

quantity, the larger the synergistic effect. This quantity is related to Eq.[67],

r r flM . !n (C 1M/C 2M ) ]2  1

C i 2 ^ . m i n  =  C j M  e x p L p M  [  2 p M  J J ,

which determ ines the value o f the C 1 2 ^ » m in /C i^  ratio. It is apparent from 
Eq.[67]that as the difference between pM  and jn becomes larger, the

C j 2^ .m i n / C i ^  ratio decreases and the degree o f synergism increases.

In aqueous solution, the presence of electrolyte causes a change in the CMC, 

the effect being more pronounced for anionics than for nonionics (81). As ionic 

strength o f the solution increases, there is a larger decrease in C2^  of 2 °  LAS or

4 °  LAS than C i^* of C i 2 (HO)g, leading to a decrease in the absolute value of

In ( C i^ /C 2 ^ ) -  This is because in anionics, an increase in the ionic strength o f the 

solution decreases the thickness o f the ionic atmosphere surrounding the ionic head 

groups with the result of a significantly decrease in the electrical repulsion between 

them in the micelle, leading to a significantly decrease in the CMC, but in nonionic, 

the increase in the ionic strength of the solution only slightly increases the salting out 

o f hydrophobic group, leading to a slightly decrease in the C M C .

From Eq.[67] and the data in table 25, it is apparent that as the ionic strength of

the solution increases, the difference between P ^  and In ( C i ^ / C 2^ )  becom es

larger, the C 12^ . m in /C j^  ratio decreases and the quantity 1 - C 12^ , m in/C  

increases, indicating an increase in the degree o f synergism  in mixed micelle 

formation with increase in the ionic strength of the solution.

It is apparent from Eq.[67] and the data in table 25 that the system C j 2 (EO)g -

2°  LAS in 0.01 M T.I.S. ( N aC l) has the largest difference between P ^  and 

In ( C i^ /C 2 ^ ) ,  and therefore, lowset value of the C i 2 ^ .n i in /C i^  ratio, leading to
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the largest degree o f synergism. And the data in table 25 indicate that the value o f

the mole fraction of surfactant 1 in the total surfactant in the solution phase at

the point of maximum synergism in mixed micelle formation, decreases with increase 

in the ionic strength o f the solution.

3.3.2 Effect o f  LAS Structure  on Synergism  in M ixed M icelle  

Form ation.

Systems C j 2 (EO)g - 4  0 LAS and C i 2 (EO)g - 2 °  LAS were investigated in 

distilled water and in NaCl solution o f 0.01 M T.I.S. at 25 °  C. Values of

In ( C i^ /C 2 ^ ) ,  P ^ ,  a | * ’M and 1- are listed in table 26.

Table 26 Effect of LAS Structure on Synergism in Mixed Micelle Formation at 25 °  C

System Medium In ( C i ^ / C 2 ^ )  a j * ’^  1- C ^ ^ .m in /C jM

C 12(EO)g-4°LAS h 2o -2.73 -5.0 0.78 0.28

C 12(EO)g-2°LAS h 2o -2.07 -5.3 0.70 0.42

C 12(EO)g-4°LAS 0.01 M T.I.S. 

( N aC l)

-1.86 -4.7 0.73 0.44

C 12(EO)g-2°LAS 0.01 M T.I.S. -1.10 -5.4 0.60 0.60
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Change in the chemical structure of surfactant affects the molecular interaction

param eter p ^  which in turn affects the degree o f synergism  in m ixed m icelle 

formation. This is consistent with the results shown in table 26.

In aqueous medium, the CM C of surfactants is affected by the position o f the 

hydrophilic group in the m olecule. As the hydrophilic group is moved from  a 

term inal position to a more central position in the hydrophobic group, the 

hydrophobic group seems to act as if it had become branched at the position o f the 

hydrophilic group. This causes a steric effect in micelle formation, leading to an 

increase in the CMC, therefore,4 °  LAS will have a higher CMC (C2 ^ )  value than 

2°- LAS (see tables 20,21,22,and23), with the result o f  a decrease in the absolute

value o f In ( C i^ /C 2 ^ )  as LAS is changed from 4° LAS to 2 °  LAS.

On comparison of systems C j 2 (EO)g - 4 °  LAS and C i 2 (EO)g - 2° IAS in 

water and in NaCl solution of 0.01 M T.I.S., it is apparent from the data in table 26

that as LAS is changed from 4° LAS to 2° LAS , the absolute value o f P ^  increases,

but the absolute value of In ( C i^ /C 2 ^ )  decreases, therefore, the difference between

pM  and In (C i^ * /C 2 ^ )  becomes larger, and the degree o f synergism in mixed 

micelle formation increases.
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3.3.3 Effect o f  Tem perature on Synergism in Mixed Micelle  

Formation.

The system C i 2 (EO )8 - 2 °  LAS was investigated in NaCl solution of 0.01 M 

T.I.S. at 25 ° ,  35 °  and 40 0 C, respectively. Values o f  P ^ ,  In ( C i ^ / C 2 ^ ) ,  

and 1- C i2 ^ .m in /C i^  are listed in table 27.

Table 27 Effect o f Temperature on Synergism in Mixed M icelle Formation.

System : C i 2(EO)8 - 2 °  LAS in 0.01 M T.I.S.( N a C l)

T e m p .( ° C )  l n ( C iM/C 2 M ) P M  1 - C i 2 M ,m in /C jM

25 -1.10 -5.4 0.60 0.60

35 -1.24 -4.3 0.64 0.41

40 -1.34 -3.8 0.66 0.34

Since synergism in mixed micelle formation involves m olecular interaction

parameter p H  and change in temperature affects P ^ ,  therefore, it is to be expected 

that the change in temperature will effect the degree o f synergism in this respect

The effect o f temperature on the CMC of surfactants in aqueous medium is 

complex ( 81 ), the value appearing first to decrease with tem perature to some 

minimum and then to increase with further increase in temperature. Temperature 

increase causes decreased hydration of hydrophilic group, which favors micellization.
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However, temperature increase also causes disruption of the structure water 

surrounding the hydrophobic group, an effect that disfavors m icellization. The 

relative magnitude o f these two opposing effects, therefore, determines whether the 

CM C increases o r decreases over a particular tem perature range. In this 

investigation, the CM C ( C j ^ )  values o f C i 2 (EO)g are 11x10*5, 7.76x10*5, and

6.92x 10*5 M at 25 o, 35 ° . and 40 0 C, respectively. The CMC (C2M) of 2 °  LAS 

are 33.1x10*5, 26.9x10*5, and 26.3x10*5 M at 25 ° , 35 ° , and 4 0 °  C, respectively. 

From this data, it is apparent that there is a larger % decrease in C jM  than in C2 ^  

with increase in temperature over the temperature range investigated, leading to an

increase in the absolute value of In ( C i^ /C 2^ ) .

From the the data in table 27, it is apparent that as temperature increases, the

absolute value of decreases, but the absolute value of In ( C i ^ / C 2 ^ )  increases,

therefore, the difference between and In (C i^* /C 2^) becomes smaller, and the

quantity 1 - C j 2 ^ . m in /C i^ ,  which is a measure of the degree o f synergism in 

m ixed micelle form ation, decreases with increase in tem perature in the range 

investigated.

f
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3.4 Synergism in Surface Tension Reduction Effectiveness.

S y s te m s  C j 2 (E O ) 3 S 0 4 Na - C j 2 S0 4 N a and  C j 2 ( E O ) 4 S 0 4 N a - C j 2 S 0 4 N a 

w ere  inves t iga ted  in 1 .9 5 x l0 '3  M M g 2* solution at 25  °  C. Data  for  these sys tem s 

are sh o w n  in table 28.

Tab le  28 S ynerg ism  in Surface Tension Reduction E ffec tiveness  at 25 0  C.

M ed ium  : 1.95x10-3 M M g 2*

Synergism in y  reduction 
C i°> cm  C 2 M effectiveness

S y s tem  (3° - p M  In [ __________ . ] Theory Experiment
C2o.cmc q KT

C 12(H0)3S04N a -C l 2S04Na -0.9 0 .12  Yes Yes

C ]2(E0)4SO4Na - C j 2S 04Na -1.9 0 .23 Yes Yes

CjO.cmc C2M

T a b le  28 lists the va lues  o f  (3° -  p M and In [ ------------- . ----------] for the system s
C2o,cmc C iM

inves tiga ted . F rom  a com parison  o f  these values, the tw o  sys tem s investiga ted  m et 

the  c o n d i t io n s  fo r  the e x is te n c e  o f  sy n e rg is m  in su r fa c e  te n s io n  r e d u c t io n

e ffec t iveness ,  i.e., (1) p °  -  PM < 0  

and

(2) p ° - p M > In [ ( C i ° - c m c / C 2 0 -c m c )(C 2 M / C i M )]

A n d  the tw o  sy s tem s  investigated  show ed synerg ism  in this respec t  experim en ta l ly  

w hich is consis ten t with the theoretical prediction.
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Table 29 Values of calculated and experimental Ycmc, and 1- Y*cmc/Y°cmc,lower 

Medium : 1.95x10-3 M Mg2+

System Y*cmc(a l*) Yemeni ̂ 1 ■ Y* cmc/7°cmc,lower

calcd (mNm'l) expd (mNm-1)

Ci2(E0 )3S0 4 Na - Ci2SC>4Na 33.5 (0.03) 32.5 (0.14) 0.03

( Y°cmcl * 35 4 "iNm-1, Y°cmc2 = 34 6 mNm-1 )

C i2(EO)4S0 4 N a -C j2S^Na 32.9(0.10) 31.7 (0.13) 0.05

( Y°cmcl = 371 mNm-1, Y°cmc2 = 34 6 mNm-1 )

Table 29 lists value o f the quantity 1 - Y *cm c/Y °cm c,low er • which is a 

m easure o f the degree of synergism in surface tension reduction effectiveness,

T^cmc,lower *s l^c lower surface tension value of either individual surfactant at its

CMC (i.e., Y°cmcl or 7°cmc2)-

Table 29 also lists calculated values of Y*cmc ( ^  lowest surface tension 

attainable at the CM C of any mixture of the two com ponents ) at the point of

maximum synergism and of a j*  at that point. For comparison, experimental values 

of Ycmc’ not nccessary at the point of maximum synergism, and the a  j values at 

which they were taken, are listed. The good agreement between calculated Y*cmc ^  

experimental Ycmc valucs» *n sP‘te ° f  ^  fact ll 'at tl,c tatter values were not taken at 

a j *  for m axim um  synergism , is due to the existence in m ixtures showing 

considerable synergism in this respect of a large range o f a j  ( 4 ) over which the 

value o f Ycmc c*oes not devtate too much from Y*cmc-
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From the data in tabic 29, it is apparent that the degree of synergism in surface 

tension reduction effectiveness increases with increase in the number o f oxyethylene 

groups in polyoxyethylenated anionic surfactant.

3.5 N e g a t iv e  S y n e r g ism  in S u rfa ce  T e n s io n  R e d u ct io n  

E ffec t iv en ess

The system C i2 (EO)g - 4 °  LAS was investigated in distilled water and in NaCl 

solutions o f 0.005 and 0.01 M T.I.S. at 25 °  C. Data for the systems investigated 

are shown in table 30.

Table 30 Negative Synergism in Surface Tension Reduction Effectiveness at 25 °  C

System : C i2 (EO)g - 4° LAS

Medium p ° -p M  In [(Ci°-crnc/C20'cmcXC2^ /C i^ ) ]  Negative synergism in y  reduction

effectiveness 
Theory Experiment

H 20  2.6 -0.44 Yes Yes

0.005M T.I.S. 1.6 -0.05 Yes v es
( N aC l)

0.01M T.I.S. 0.8 0.07 Yes Yes
(N aC l)
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Tabic 30 lists the values o f ln[(Ci°«cmc/C 2o cm c)(C2 M / C 1M )l andpa  - p M 

for the system investigated. From a com parison o f these values, the system  

investigated met the conditions for the existence o f negative synergism in surface

tension reduction effectiveness, i.e., ( 1 ) P °  -  P ^  > 0 and

( 2 ) p °  -  pM  > |ln [ ( C i° 'cm c/C 20,cm c)(C2^ / C i ^ ) |  The system investigated 

showed negative synergism in this respect experimentally which is consistent with the 

theoretical prediction.

Tabic 31 Values o f calculated and experimental ycmc and |l-  Y*cmc/Y°cmc,higher| 

System : C j 2 (EO)g - 4 °  LAS

Medium y  cmc(a i* )  Y em eni) I1 ‘ Y cmc/Y°cmc,higher |

calcd(mNm* 1) exptl(mNm-l)

H2 O 40.5 (0.02) 38.5 (0.52) 0.10

( y°cm cl = 34 6 mNm ' '  . Y°cmc2 = 36 9 m N m '1 )

0.005 M T.I.S. 37.5 (0.11) 36.8(0.77) 0.08

(NaCl) ( y°Cm cl = 34 6 mNm*1 , y°cmc2 = 34.2mNm*1 )

0.01 M T.I.S. 35.7 (0.21) 35.1 (0.13) 0.03

(NaCl) ( 7°cmc 1 = 34.6 mNm*1, y° c m c 2  = 33.7 mNm*1 )

Table 31 lists value o f  the quantity |1 - Y*cm c/y°cm c,higher | » which is a 

m easure o f the degree o f  negative synergism  in surface tension reduction

effectiveness, y°cm c,higher *s the higher surface tension value o f either individual
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surfactant at its CMC (i.e., Y°cmcl or Y°cmc2^ Table 31 also lists calculated values

o f y *cmc( the highest surface tension attainable at the CMC o f any mixture of the two

com ponents ) at the point o f maximum negative synergism and o f a j* (  the mole 

fraction o f surfactant 1 in the total surfactant in the solution phase at the point of

maximum negative synergism ) .  For comparison, experimental values of Ycm c, not

necessary at the point of maximum negative synergism, and the a j  values at which

they were taken are listed. There is the good agreement between calculated Y*cmc

and experimental Ycmc values, in spite o f the fact that the latter values were not taken

at a j *  for maximum negative synergism. This may be due to the existence in 

mixtures showing considerable negative synergism in this respect o f a large range of

a j  over which the value of Ycmc does not deviate much from Y*cmc- From table 31,

it is apparent that there is a decrease in the degree of negative synergism in surface 

tension reduction effectiveness with increase in ionic strength of the solution.
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3.6  C o m p le x a t io n  o f  N a+ w ith  E th er  O x y g en s  o f  th e  

Polyoxyethylene  C hain .

3 .6 .1  C o m p le x a t io n  o f  N a+ w ith  E ther  O x y g en s  o f  the  

Polyoxyethylene Chain in NaCl Solution o f  Polyoxyethylenated  

nonionic Surfactants.

We investigated complexation o f Na+ with ether oxygens in polyoxyethylene 

chain of C i 2 (EO)g and C ]2 (EO )4  in 0.004 M T.I.S.( N a C l). In this investigation,

we made l:l(v /v ) mixture of C i2 (E O )x  ( X = 4,8 ) and 0.008 M N a C l, and then 

measured [ Na +] o f the solution by a sodium ion selective electrode at 25° C, pH

5.2 before and after m ixing the two solutions. From the data obtained, we

determined A[ Na+ ] which is the concentration o f Na+ that complexed with ether

oxygens in the polyoxyethylene chain o f C j2 (E O )x -  Values o f A [N a+ ], the

complexation constant K, and the ratio moles of Na+ complexed/m oles of initial 

C i2(E O )x are listed in tables 32 and 33.

The complexation constant K for the reaction

c 12(EO)X + Na+ - c  -  C i 2(e 6 ) x

was calculated from the equation
Na+ Na+

K = Y c12(EO)x  .[ C 12(EO)x ]/[ C 12(EO)x  ] YNa+lNa+l

Where [ ] refer to molar concentration.

Ionic activity coefficients, y ,  were calculated at 25° C by using Debye - Hiickel 

equation,
log y, = - 0.509 Zj2 [ I ] 1/2/ 1 + 0.33 a  [ I ]m

Where a  is mean distance approach o f the ions ( in A0 ), a  = 1.2 and 0.3 for 
Na+

C j2(EO)x and Na+, respectively, I is the ionic strength o f the solution.
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Table 32 Complexation of Na+ with Ether Oxygens in Polyoxyethylene Chain of 

C i2(E O )8 in 0.004 M T.I.S.( N a C l) at 25° C, pH 5.2.

[Ci2(EO)g],M xlO4 A[Na+],MxlO* % error in K % error moles of Na+ complexcd 
initial A[Na+] [dm^/mol] in K moles of initial Cj2(EO)g

30.7 4.99 + 0.51 10 53 + 6.5 12 0.16

23.6 3.99 ±0.51 13 54 + 8.5 16 0.17

21.4 3.59 + 0.51 14 53 + 8.5 16 0.17

19.5 3.29 + 0.51 16 5 3 + 9 .5 18 0.17

16.9 2.79 + 0.51 18 51 + 11 22 0.16

I
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Table 33 Complexation of Na+ with Ether Oxygens in Polyoxyethylene Chain of 

C i 2 (EO )4  in 0.004 M T.I.S.( N a C l) at 25° C, pH 5.2.

C j2(EO)4,M xlO4 A(Na+],M xlO4 % error in K % error moles of Na* complexcd 
initial A[Na+] (dm^/mol) in K moles of initial C j2(EO)4

16.9 1.57 ±  0.51 32 26 + 9 34 0.09

14.7 1.37 + 0.51 37 26+ 10 38 0.09

12.8 1.17 + 0.51 44 25 ±11.5 46 0.09

11.0 1.07 + 0.51 48 27+ 14 52 0.10

From the data in tables 32 and 33, it is apparent that complexation of Na+ with 

ether oxygens o f the polyoxyethylene chain increases with increase in concentrations 

of C i2 (E O )8 or C i 2 (EO )4  , as would be expected from the above reaction. The 

com plexation constant is essentially constant over the range of concentrations 

investigated. And from the data in tables 32 and 33, it is also apparent that there is a 

greater complexation o f Na+ with ether oxygens o f the polyoxyethylene chain in 

C i 2 (EO>8 than in C i 2 (EO>4 . This may be due to the greater ability of a chain with 

more oxyethylene units to complex Na+(93). Tables 34 shows calculations o f %

error in A[Na+] and in K for C i 2 (EO)g in 0.004 M T.I.S.(NaCl).
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Table 34 Calculations of % error in A[Na+] and in K for C i2 (EO)g in 0.004 M 

T.l.S.(NaCl)

% error in A[N a+ ]

(C i2 (EO)g] before mix, MxlO4 mV [Na+], MxlO4

61.4 -23 .5 ,-23 .5 ,-23 .5 , 0.98 + 0.17

-23.5, -23.5, -24,

-24, -24, -24.

[NaCl] before mix, MxlO4

80.0 4 8 .5 ,4 8 .5 ,4 8 .5 ,4 8 .5 , 8 1 .8 ^ 0 .1 7

49. 49, 49 ,49 , 49.

1:1 (V/V) mixture, theorct. “  4 1 .3 9 ^ 0 .3 4

1:1 (V/V) mixture, exptl. 8.5, 8.5, 8.5, 8.5, 3 6 .4 i0 .1 7

9 ,9 ,9 ,  9 ,9 .

A[Na+] = 4.99x1 O'4 + 0.51X10'4 M

% error in A[Na+] = 51/4.99 = 10 

Uncertainty in reading mV= 0.5 mV = O.SxlO*4 M Na+

In these measurements, the number of reading = 9, therefore,

uncertainty = 0.5xl0*4/( 9 )1/2 = 0 .1 7 x l0 ‘4 M N a + .
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Table 34 (continued)

Calculation o f K

A[Na+] = 4.99x10-4 ±0.51x10-4 M 

Na+
YCj2(EO)g = 0.93

Na+
[C12(EO)8] = 4 .99x10 '4 + 0.51x10-4 M 

W  = 0 .928

[Na+] = 36 .4x l0 ‘4 i0 .1 7 x l0 ‘4 M

[C12(EO)8] = 30 .7x l0 '4 - ( 4 .9 9 x l0 '4 ± 0 .5 1 x l0 '4 ) M

Na+ Na+
K = Yc12(EO)8 . [C12(EO)8]/[C12(EO)8] J Na+.[Na+]

Substituting the above values in the above equation, we obtained 

K = 53 + 6.5 dm ^/m ol 

%  error in K = 12.
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3 .6 .2  C o m p le x a t io n  o f  Na + w ith  E th e r  O x y g e n s  o f  th e  

P o ly o x y e th y len e  C h a in  in  P o ly o x y e th y le n a te d  n o n io n ic  • a n io n ic  

M ix tu re s .

The system C j 2 (EO )g - AOT was investigated in NaCl solutions of 0.008, 

0.006, 0.004, 0.003, and 0.002 M T.I.S. at 25° C, pH 5.2. Systems C i 2 <EO)4  

-AOT and C i2 (EO)g - AAY were investigated in NaCl solution of 0.004 M T.I.S. at 

25° C, pH 5.2.

In these investigations, [Na+] of NaCl solution o f a given total ionic strength 

of C j 2(EO)x  ( X= 4,8 ) and that of NaCl solution o f anionic surfactant ( AOT or 

A A Y ) of equal ionic strength were first measured by a sodium ion selective electrode 

at 25° C, pH 5.2, and then the [Na+] of the 1:1 (V/V) mixture o f NaCl solutions of 

C i2(E O )x and AOT ( or AAY ) were measured by the sodium ion selective electrode

at the same conditions. From the data obtained, we determined A[Na+] , which is the 

concentration of Na+ that complexed with ether oxygens of the polyoxyethylene 

chain . The complexation constan t, K, for the reaction :

was calculated from the equation:

Na+
K = [C i2 (E 0 )X .R S 0 3- ]/[C 12(EO)X]-^RS03'  .[R S 0 3-J.TNa+.[N a+]

Ionic activity coefficients, Yj. were calculated at 25° C by using the Debye - 

Hiickel equation,

log Yj = -0.509 Zj2 ( I )1/2/i + o.33 a  ( I )1/2

Where a  = 0.3 and 0.6 for Na+ and R S 0 3‘, respectively. Values o f A[Na+] 

and K are listed in tables 3 5 -4 1 .

C j2 (E O )x  + R S 0 3- + Na+
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Table 35 Complexation of Na+ with Ether Oxygens of the Polyoxyethylene Chain in 

C i2(E O )g - AOT Mixtures in 0.008 M T.I.S.(NaCl) ( 25° C, pH 5.2, « C 12(EO)8 -  

0 .56).

[C^fEOlgl.MxlO4 (AOT] .MxlO4 AfNa+J.MxlO4 % error in KxlO*  ̂ % error
mixed initial mixed initial A[Na+] (dm^/mol)2 in K

19.5 15.6 9.7 + 0.51 5.2 2.9 + 0.55 19

16.9 13.6 8.0 + 0.51 6.4 2 .7 + 0 .5 5 20

15.3 12.3 7.35 + 0.51 6.9 3 .1 + 0 .8 0 26

12.8 10.3 5.8 + 0.51 8.8 3.0 + 0.85 28

10.6 8.6 4.5 + 0.51 11 2.9 ± 0 .9 5 33

Average value of ratio moles of Na+ complexed/moles of initial C ]2 (EO )8  = 0.46
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Table 36 Complexation of Na+ with Ether Oxygens of the Polyoxyethylene Chain in 

C i 2 (EO)g - AOT Mixtures in 0.006 M T.I.S.(NaCl)(25° C. pH 5.2, a C 12(EO)8 -  

0 .5 6 )

[C^fEOJgl.MxlO4 (AOT).MxlO4 AfNa+l.MxlO4 % error in KxlO'5 te rro r  
mixed initial mixed initial A(Na+l (dm^/mol)^ in K

19.5 15.6 8.9 + 0.51 5.7 2.7 + 0.50 18

16.9 13.6 7.4 + 0.51 6.9 2.8 + 0.50 18

15.3 12.3 6.3 + 0.51 8 .0 2.6 + 0.50 19

12.8 10.3 5.0 + 0.51 10 2.6 i  0.70 27

10 .6 8 .6 3.8 + 0.51 13 2.4 + 0.75 31

Average value o f ratio moles o f Na+ complexed/moles of initial C i 2 (EO)g = 0.41
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Table 37 Complexation of Na+ with Ether Oxygens o f the Polyoxyethylene Chain in 

C i 2 (EO)g - AOT Mixtures in 0.004 M T.I.S.(NaCl) ( 25° C. pH 5.2, a C i2(EO)g .  

0 .56 )

(Ci2(EO)g).Mxl04 
mixed initial

[AOT],MxlO4 
mixed initial

AfNa'M.MxlO4 % error in KxlO"^ 
A[Na+l (dm^/mol)^

% error 
iaK

K (dm^/mol)

23.6 18.9 10.310 51 5.0 2.8 + 0.40 14 209+ 18

21.4 17.2 9.3 + 0.51 5.5 3.0 + 0.50 17 202 + 18

19.5 15.6 8.1+0.51 6.3 2.9 + 0.50 17 189 + 20

16.9 13.6 6.3 + 0.51 8.1 2.6 + 0.50 19 161120

15.3 12.3 5.7 + 0.51 9.0 2.6 + 0.60 23 151+21

12.8 10.3 4.5 + 0.51 11 2.7+0.70 27 136 + 24

K is K without RSO3 *

Average value o f ratio moles o f Na+ complexed/moles o f initial C j 2 (EO )8  = 0.40 

On comparison o f K in table 32 with K in table 37, it is apparent that K for 

C i2 (EO>8 + Na+ r  . 1  C i 2 (EO)g. Na+, is greater in presence o f anionic, 

AOT (RS0 3 Na), than in absence o f  it. Therefore, RSO3 * enhances complexation o f 

Na+ with ether oxygens o f the polyoxyethylene chain.
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Table 38 Complexation of Na+ with Ether Oxygens of the Polyoxyethylene Chain 

in C i 2 (EO)g - AOT Mixtures in 0.003 M T.I.S.(NaCl)(25° C, pH 5.2, ^ ^ (E O jg  = 

0.56 )

[C^fEOg.MxlO4 [AOT],MxlO4 AfNa^l.MxlO4 % error in Kx l O5 % error 
mixed initial mixed initial A[Na+] (dm -V m ol)^  in K

19.5 15.6 6.85 + 0.51 7.4 2.9 + 0 .50 17

16.9 13.6 5.80 + 0.51 8.8 2.7 + 0.50 18

15.3 12.3 5 .2 0 1 0 .5 1 9.8 2.9 + 0.60 21

12.8 10.3 3 .9 5 + 0 .5 1 13 2 .7 ± 0 .7 0 26

10 .6 8 .6 3.0 + 0.51 17 2 .6 1 0 .8 5 33

Average value o f ratio moles of Na+ complexed/moles o f initial C i2 (EO)g = 0.32
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Table 39 Complexation of Na+ with Ether Oxygens of the Polyoxyethylene Chain in 

C i 2(EO)g - AOT Mixtures in 0.002 M T.I.S.(NaCl) (25° C, pH 5.2, « C 12(EO)8 = 

0 .5 6 )

[C12(HO)81,Mx104 
mixed initial

1AOT1.MX104 
mixed initial

AlNa+l.MxlO4 % errof in 
A[N a+]

KxlO'5
(dm^/mol)^

% error 
in K

19.5 15 .6 6 .0  + 0 .51 8 .5 2 .7 + 0 .4 5 17

16 .9 13 .6 4 .5  + 0 .51 11 2.5 + 0 .5 0 2 0

15 .3 13 .6 4 .2  + 0 .51 12 2.8 + 0 .7 0 25

12.8 10.3 3.2 + 0 .51 16 2.6  + 0 .7 5 29

10 .6 8 .6 2 .4 .+ 0 .5 1 21 2.8 + 0 .9 5 34

Average value o f ratio moles of Na+ complexed/moles o f initial C i 2 (EO )8 = 0.27.

From  the data in tables 35 -41, it is apparent that A[Na+] increases with 

increase in concentrations o f C i2(E O )x  ( X= 4,8 ) and RS0 3 ‘Na+(AOT or AAY) in 

the mixture, as expected. When concentrations o f C i2 (E O )x  and AO T(or AAY) 

increase, the equilibrium of the reaction

Na+
C l 2 (EO)X + R S O 3 - + Na+ — * C i 2 (E0 )x R S0 3-

will shift to the right hand side, leading to the greater complexation o f Na+ with 

ether oxygens o f the polyoxyethylene chain.
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Table 40 Complexation o f Na+ with Ether Oxygens o f the Polyoxyethylene Chain in 

C i 2 (EO )4  - AOT Mixtures in 0.004 M T.I.S.(NaCl) ( 25° C, pH 5.2, ctC j2(EO)4 « 

0 .48).

[Ci2(EO)4l.Mxl04 [AOT].MxlO4 AlNa'M.MxlO4 % error in KxlO"4 %enor K(dm3/mol) 

mixed initial mixed initial A[Na+] (dm3/mol)^ in K

16.9 18.2 3.5 + 0.51 15 4.5 + 0.95 21 5 6 1 1 0

14.7 15.8 2.9 + 0.51 18 4.8 + 1.2 25 5 4 +  12

12.8 13.7 2 .3 1 0 .5 1  22 4 .8 +  1.6 33 4 8 +  13

11 11.8 1 .8 1 0 .5 1  28 4.8 + 1.8 38 41 1 1 4

/  "

K is K without RSO3 '

Average value o f ratio moles o f  Na+ complexed/moles o f initial C j 2 (EO )4  = 0.15 

On comparison o f K in table 33 with K in table 40, it is apparent that value of 

K for C i2 (E O )4  + Na+ ^ — - C i 2 (E O )4 .N a+ , is greater in presence of 

A O T(RS0 3 *) t^ an *n absence o f it. Therefore, RSO 3 * enhances com plexation o f 

Na+ with ether oxygens o f  the polyoxyethylene chain.
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Table 41 Complexation of Na+ with Ether Oxygens o f the Polyoxyethylene 

Chain in C j 2 (EO )8 - AAY Mixtures in 0.004 M T.I.S.(NaCl) ( 25° C, pH 

5.2, ®Ci2(EO)g * 0.62

[C^EOjgl.MxlO4 [AAYJ.MX104 AlNa+l.MxIO4 % error in KxlO'5 % error K(dm3/«nol) 

mixed initial mixed iniual A[Na+] (dmVmol)2 in K

29.9 18.5 8.6 + 0.51 6 1.2 ^  0 .10 8 1 0 6 1 9

26.4 16.1 7.3 + 0.51 7 1.2 + 0.15 12 95 ± 8

23 14.1 6.2 + 0.51 8 1.3 + 0 .25  19 9 2 +  10

20 12.3 5.1 + 0 .51  10 1.3 + 0 .3 0  23 80 ± 11

17.4 10.7 4.3 +.0.51 12 1.3 + 0 .35  27 7 4 +  12

K is K without RSO3 '

Average value o f  moles o f  Na+ com plexed/m oles o f initial C j 2 (EO)g =
0 .2 7
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From the data in tables 37 and 40, it is apparent that the system C i2 (E 0 )g - 

AOT has greater complexation o f Na+ with ether oxygens o f the polyoxyethylene 

chain than the system C j 2 (EO )4  - AOT , ^ C i 2 (EO)g - AOT = 6  ^ C i 2 (EO )4  - 

AOT. This may be due to the greater ability of a chain with more oxyethylene units 

to complex the Na+( 93 ). And from the data in tables 37 and 41, it is also apparent 

that the system C i2(EO)g - AOT has greater complexation of Na+ with ether oxygens 

o f the polyoxyethylene chain than the system C j 2 (EO)g - AAY, ^ C j 2 (EO)g - AOT 

= 2.4 K C i 2 (EO)g - AAY. This is because AOT has a longer hydrocarbon chain 

than AAY,therefore, the com plexation is m ore enhanced by the hydrophobic 

interaction between the hydrophobic pans o f  the two surfactants in the system  

C i 2 (EO)g - AOT than in the system C j2 (EO)g -AAY. On comparison o f K in table

32 with K in table 41,it is apparent that, K for C i 2 (EO)g + Na+ C i 2 (EO)g.Na+ 

is greater in presence o f anionic, AAYCRSOjNa), than in absence o f it. Therefore, 

RS0 3 ‘ enhances complexation o f Na+ with ether oxygens of the polyoxyethylene 

chain.

3.6.3 Effect o f  Ionic Strength o f  the Solution on Complexation  

o f  Na+ with Ether Oxygens o f  the Polyoxyethylene Chain in 

Polyoxyethylenated nonionic • anionic Mixture.

The system C j 2 (EO)g - AOT was investigated in NaCl solutions o f 0.008,

0.006, 0.004, 0.003, and 0.002 M T.I.S. at 25° C, ph 5.2. Values o f A[Na+ ] and 

the complexation costant K are listed in table 42.
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Table 42 Effect of Ionic Strength o f the Solution on Complexation o f Na+ with 

Ether Oxygens of the Polyoxyethylene Chain in C i2 (EO)g - AOT Mixture at 25 °  C, 

pH 5.2.

[C i2(EO)8l.M xl()4 [AOTl.MxlO4 Medium A [N a+),M xl04 KxlO'5

mixed initial mixed initial (dm3/mol)2

19.5 15.6 0.008 M T.I.S.(NaCl) 9.7 + 0.51 2.9 + 0 .55

19.5 15.6 0.006 M T.I.S.(NaCl) 8.9 + 0.51 2.7 + 0 .50

19.5 15.6 0.004 M T.I.S.(NaCl) 8.1+0.51 2.9 + 0 .50

19.5 15.6 0.003 M T.I.S.(NaCl) 6 .85+ 0 .51 2.9 ± 0 .5 0

19.5 15.6 0.002 M T.I.S.(NaCl) 6 .0  ± 0 .51 2.7 + 0.45

16.9 13.6 0.008 M T.I.S.(NaCl) 8.0 + 0.51 2.7 ± 0 .5 5

16.9 13.6 0.006 M T.I.S.(NaCl) 7.4 + 0.51 2.8 + 0.50

16.9 13.6 0.004 M T.I.S.(NaCl) 6 .3 ± 0 .5 1 2.6 ± 0 .5 0

16.9 13.6 0.003 M T.I.S.(NaCl) 5.8 ± 0 .51 2.7 ± 0 .5 0

16.9 13.6 0.002 M T.I.S.(NaCl) 4.5 + 0.51 2.5 ± 0 .5 0

15.3 12.3 0.008 M T.I.S.(NaCl) 7.35 + 0.51 3 .1 + 0 .8 0

15.3 12.3 0.006 M T.I.S.(NaCl) 6.3 ± 0 .5 1 2.6 ± 0 .5 0

15.3 12.3 0.004 M T.I.S.(NaCl) 5.7 ± 0 .51 2 .6  ± 0 .6 0

15.3 12.3 0.003 M T.I.S.(NaCl) 5.2 +0.51 2.9 + 0 .60

15.3 12.3 0.002 M T.I.S.(NaCl) 4.2 + 0.51 2.8 + 0 .70

12.8 10.3 0.008 M T.I.S.(NaCl) 5.8 ± 0 .5 1 3.0 ± 0 .8 5
12.8 10.3 0.006 M T.I.S.(NaCl) 5.0 + 0.51 2 .6 +  0.7

12.8 10.3 0.004 M T.I.S.(NaCl) 4 .5 + 0 .5 1 2.7 + 0.70

12.8 10.3 0.003 M T.I.S.(NaCl) 3.95 + 0.51 2.7 ± 0 .7 0

12.8 10.3 0.002 M T.I.S.(NaCl) 3.2 ±0 .51 2.6 + 0.75
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From the data in table 42, it is apparent that there is an increase in A[Na+] with 

increase in ionic strength of the solution, but values of the complexation constant K 

are essentially constant with this change.

Table 43 shows the data of complexation of Na+ with ether oxygens o f the 

polyoxyethylene chain in C j 2 (EO)g - AOT mixtures at 25° C, pH 5.2, at various

“ C^CEOg values.

Table 43 Effect of Molar Ratio in the Mixed Micelle on Complexation o f Na+ with 

Ether Oxygens of the Polyoxyethylene Chain in C i2 (EO )8 - AOT mixtures in 0.004 

M T.I.S.(NaCl) at 25° C, pH 5.2

[Ci2(EO)8l.Mxl04 [AOT)>txlO» <*Ci2(EO)8 

mixed initial mixed initial

AfNa+l.MxlO4 aNa+(mix)

aNa+(AOT)

KxlO-5

(dm3/mol)2

Xi**

40 17.2 0.70 8 .5 1 0 .5 1 0.75 1.1 1 0 .1 5 0 .8 0

32 17.2 0.65 8 .810 .51 0.73 1.7 + 0.30 0 .8 0

25 17.2 0.60 9.0 + 0.51 0.70 2.6 + 0.40 0 .7 8

21.4 17.2 0.56 9.3 + 0.51 0.66 3.0 + 0.50 0 .7 7

15 17.2 0.46 7.0 + 0.51 0.74 3.2 + 0.40 0 .7 4

10 17.2 0.36 5.0 + 0.51 0.78 2 .9 ± 0 .7 0 0.71

5.5 17.2 0.24 3.0 + 0.51 0.81 2 .9 + 1 .2 0 .6 6

and aNa+(AOT) refer to the activities of Na+ in mixed surfactant solution and

in the blank AOT solution, respectively. Plot o f aNa+(mix)/ ^a+CAOT) versus 

1C i2(EO)8) is shown in figure 2.
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Table43  ( c o n t in u e d )

«1 C ,2M. ,
mol dm 'J

pM X ,M moles of AOT 
moles of C ]2(EO)g 
in mixed micelle

moles of Na+ complexcd 
moles of initial C ] 2(EO)g 

in mixed micelle

0 .7 0 1 .0 7 x l0 -4 -4.0 0 .8 0 0 .25 0.21

0.65 1 .1 5 x l0 -4 -4.1 0 .8 0 0 .25 0.27

0 .6 0 1.20x1 O' 4 -3.9 0.78 0 .28 0.36

0 .5 6 1.26x1 O' 4 -3.7 0.77 0 .3 0 0.43

0 .4 6 1.41 x 10 -4 -3.6 0 .74 0 .35 0.46

0 .36 1 .5 8 x l0 '4 -3.7 0.71 0.41 0 .50

0 .24 1.90x1 O' 4 -3.8 0 .66 0.52 0.54

= l .lx lO ' 4  mol d m '3 , C2 M = 22 .4xl0 "4  mol dm"3
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40

Figure 2. Plot o f t Na+(m ix)/aNa+(AOT) vcreus tC i 2 (EO)g) 

in 0.004 M T.I.S.(NaCl)

It is seen from figure 2 that the activity ratio aNa+(mix)/ aNa+(AOT) decreases 

gradually above a certain C ]2 (EO)g concentration and reached its minimum value in 

the concentration region of 2 1 x l0 *4  M. Above this C j 2 (EO)g concentration , the 

ratio increases gradually, this m eans that Na+ ions began to be released from the 

mixed micelle. The decrease o f the activity ratio of N a+ ion in the low C ]2 (EO)g 

concentration region suggests that the ionic head, S(>3 \  o f  A O T (RS0 3 'N a +) are
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opened to Na+ ions in the bulk solution. This result is compatible with the loose 

polyoxyethylene chain packing in the m ixed micelle. Perhaps the degree of 

counterion binding on the surface of the mixed micelle will depend on the number of 

RSO3* ions incorporated into the mixed micelle. On the contrary, the increase o f the

activity ratio in the region of high C i2 (EO)g concentration is due to the close packing 

of the polyoxyethylene chains in the mixed micelle. The hydrophilic group o f the 

RS0 3 '  ion seem to be covered by the compact shell of polyoxyethylene chains.

3 .6 .4  C o m p le x a t io n  o f  N a + w ith  E th e r  O x y g e n s  o f  th e  

P o ly o x y e th y len e  C h a in  in  P o ly o x y e th y le n a te d  n o n io n ic  - c a tio n ic  

M ix tu re .

The system C j2 (EO)g - C i4 N(CH3 >3 Br was investigated in NaCl solution of 

0.004 M T.I.S. at 25° C, pH 5.2. In this investigation, [Na+] of NaCl solution of 

C i2 (EO)g and that of C i4 N(CH3>3Br were first measured by a sodium ion selective

electrode at 25° C, pH 5.2 and then, [Na+] o f 1:1 (V/V) mixture of NaCl solutions 

o f C i 2 (EO)g and C j4 N (C H 3 )3 Br were m easured by the sodium ion selective

electrode at the same conditions. From the data obtained, we determined A[Na+] and 

the complexation constant K for the reaction:

Na+

C j 2 (EO)g + Na+ + B r-  " ~"  *  C I2 (EO)g.Br-

was calculated from the equation

K = [C12(EO)8.Br - l/(Cl2(HO)8].YBr-.[Br). YNa+. [Na+]
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Ionic activity coefficients, Yj. were calculated at 25° C by using Debye - Huckel 

equation,

log Yj = - 0.509 Zj2 ( I )1/2 /l+  0.33 a  ( I ) 1/2 

Where a  = 0.3 for Na+ and B r '. Values of A(Na+] and K are listed in table 44.

Table 44 Complexation of Na+ with Ether Oxygens o f the Polyoxyethylene Chain in 

C j 2 (E O )g  - C j 4 N (C H 3 ) 3 Br M ixtures in 0.004 M NaCl (25° C, pH 5.2 ,

“ CufEOJg = 0 .56 ).

(Ci2(EO)8).Mxl04 (CnNBrJ.MxlO4 AfNa+J.MxlO4 % error in KxlO-4 %enor K^dm^mol) 

mixed initial mixed initial A(Na+] (dm3/mol)2 in K

26.8 21.5 2.6 + 0.51 20 1.8 + 0.40 22 29 + 7

23.6 18.9 2.0 + 0.51 26 1 .7 1 0 .5 5 32 2 5 1 7

21.4 17.2 1.8 ± 0 .51 28 1.8 ± 0 .6 0 33 2 3 1 8

19.5 15.6 1 .6 1 0 .5 1 32 1 .8 1 0 .7 0 39 2 2 1 8

16.9 13.6 1 .2 1 0 .5 1 42 1 .7 1 0 .8 5 50 1 8 1 8

/
K is K without C ^ N B r  

:rage value o f ratio moles o f Na+ complexed/moles o f initial C i2 (EO)g = 0.08.
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From the data in table 44, it is apparent that there is a little complexation o f N a+ 

with ether oxygens of the polyoxyethylene chain in C ] 2 (EO)g * C j 4 N (C H 3 )3 B r 

mixture. From calculation o f K for C i 2 (EO)g + Na+ ;= r±  C i 2 (E O )g.N a+, 

value is less in presence of cationic than in absence of any surfactant. Therefore, 

C i4 N+(CH3)3  competes with Na+ for ether oxygens of the polyoxyethylene chain .

3.6.5 Effect o f  Structure of Cationic and Anionic Surfactants on 

C om plexation  o f  N a+ with Ether Oxygens o f  the P o lyoxye th y len e  

Chain.

The systems C j 2 (EO )g - AOT and C j2 (EO)g - C j 4 N + (C H 3 )3 Br were 

investigated in NaCl solution of 0.004 M T.l.S. at 25° C, pH 5.2. Values o f K are 

listed in table 45.
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Table 45 Effect o f Structure of Cationic and Anionic Surfactants on Complexation 

o f Na+ with Ether Oxygens of the Polyoxyethylene Chain in 0.004 M T.l.S.(NaCl) 

( 25° C, pH 5.2, OC]2(EO)8 = 0.56 ).

(Ci2(EO)8 ).

MxlO4,

Mixed initial

(AOTJ.MxlO4 

Mixed initial

KxiO-4

(dm3/mol)2

ICi2(EO)g]. |Ci4N(CH3)3Br]. 

MxlO*. MxlOA 

Mixed initial Mixed initial

KxlO-4. 

(dm 3/mol )2

23.6 18.9 28 ± 4.0 23.6 18.9 1 .7 + 0 .5 5

21.4 17.2 30 ± 5 .0 21.4 17.2 1.8 ± 0 .6 0

19.5 15.6 29 ± 5 .0 19.5 15.6 1.8 + 0 .70

16.9 13.6 26 ± 5 .0 16.9 13.6 1.7 ± 0 .5 0

From the data in table 45, it is apparent that K of the system C i2 (EO)g - AOT is signi­

ficantly greater than that of the system C i2 (EO)g - C j4 N(CH3 )3 B r , i.e., the system 

C i2 (EO)g - AOT has significantly greater complexation of Na+ with ether oxygens o f 

the polyoxyethylene chain than the system C i 2(EO)g - C i4 N(CH3)3Br. This is due 

to the fact that the positively charged ether oxygens o f the polyoxyethylene chain in the 

complex are stabilized by the negatively charged anionic surfactant ion ( RSO3 ' ).

On the other hand, C j4 N +(CH3)3 competes with Na+ in forming complex with ether 

oxygens o f  the polyoxyethylene chain.
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Appendix

Table A 1 Surface tension data for C i 2 (EO)g in water at 25 °  C

C, m ol dm  * 3 x 10 4 y, m N m ' 1 - log  C

1.949 34 .60  3 .720

1.230 34.67 3 .910

0 .9 3 5 4  35.17 4 .029

0 .7 5 6 8  37 .06  4.121

0 .7 0 7 9  37.45 4 .150

0 .3 0 2 0  4 2 .6 0  4 .520

0 .2 0 8 9  4 5 .2 0  4 .680

0 .1 5 1 4  4 6 .2 0  4 .820

0 .0 8 1 3  5 0 .8 0  5 .090
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Table A 2 Surface tension data for 2 °  LA S in water at 25 °  C

C, m ol d m ‘3 x lO ^  y ,m N m ‘ * - log  C

3 .540  39 .60  2.451

2.171 39 .80  2 .663

1.057 39 .60  2 .9 7 6

0 .7 6 4 6  41 .18  3 .1 1 6

0 .4 1 6 9  4 8 .8 0  3 .3 8 0

0 .3 2 3 6  5 2 .0 0  3 .4 9 0
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Table A 3 Surface tension data for C j 2 (EO)g - 2 °  LAS mixture in water at 25 °  C,

a j  = 0 .2 8 3 3

C j 2 . m ol d m '^  x lO ^  y .m N n T *  - l o g C i 2

3.087  3 9 .9 0  3 .510

2 .573  3 9 .8 0  3 .590

1.544 39 .85  3.811

1.029 39 .78  3.988

0 .6 1 7 4  4 2 .1 4  4 .209

0 .3 8 6 0  4 5 .2 0  4 .413

0 .1 5 4 4  5 0 .7 9  4 .812
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Table A 4  Surface tension data for C j 2 (EO )8  - 2 °  LAS mixture in water at 25 °  C,

a j  = 0 .1 0 7 5

C j 2 , M ol d m '3  x lO ^  y, m N m 'l  - I o g C i 2

6 .304  39 .80  3 .200

3 .152  39 .85  3.501

2.101 39 .90  3 .678

1.261 4 1 .3 0  3 .899

0 .7 0 0 3  4 4 .6 0  4 .155

0 .4 2 0 2  48 .47  4 .3 7 6

0 .2 6 2 6  51 .70  4.581
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Table A 5 Surface tension data for C i 2 (EO)g - 2 °  LAS in water at 25 °  C,

a j  =0.7111

C j^ r^ Io l dm '3  xlO^ y .m N nr*  - l o g C j 2

1.221 39.33 3.913

0 .8 1 4 0 39.31 4 .089

0 .4 8 8 4 40 .52 4 .3 1 2

0 .2 9 3 0 4 3 .20 4 .533

0 .2 4 4 2 44 .20 4 .613

0 .1 6 2 8 46.65 4 .788

I
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Table A 6 Surface tension data for C i2(EO )8 in 0.005 M T.I.S. ( N a C l) at 25 °  C

C, Mol dm '3 xlO^ - log C

0.6480 37.12 4.188

0.5184 39.00 4.286

0.3240 42.10 4.489

0.1944 45.44 4.712

0.1296 48.06 4.886
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Table A 7 Surface tension data for 2 0 LAS in 0.005 M T.I.S. ( N aC l) at 25 °  C 

C, Mol d m '3 x l03  y, m Nrrr 1 - log C

5.849 38.45 3.233

4.679 38.45 3.330

3.509 40.10 3.455

2.340 42.20 3.631

1.671 45.70 3.777

1.170 47.60 3.932
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Table A 8 Surface tension data for C j 2 (EO )g - 2 °  LAS mixture in 0 .005  M T .l.S .(N aC l)

at 25 °  C, d j  = 0 .6 7 5 0

C j2 . Mol dm '3 xlO^ y .m N n r ' - l o g C l 2

9 .1 1 4 37.60 4 .0 4 0

7.291 37.60 4 .137

4 .375 38.41 4 .358

3 .646 39.70 4 .438

2.917 41 .64 4 .535

1.823 44.81 4 .7 4 0



118

Table A 9  Surface tension data for C i 2 (EO )g - 2 °  LAS mixture in 0 .005  M T .I.S.(N aC l)

a t 2 5 ° C ,  d j  = 0 .7 6 4 0

C i 2 , Mol dm '3 xlO^ Y.mNm'* - l o g C j 2

8.196 37.40 4.086

4.918 37.50 4.308

4.098 38.58 4.387

2.951 41.12 4.530

2.049 43.85 4.688

1.639 45.45 4.785

t
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Table A 10 Surface tension data for C i 2 (EO )g in 0.01 M T .I.S .( N a C l) at 25 °  C

C, M ol d m '3  x lO ^ y .m N m '^  - log  C

10.01 35 .16  4 .0 0 0

4 .7 1 2  39.72 4 .327

3 .927  41 .10  4 .4 0 6

2 .3 5 6  4 5 .5 0  4 .627

1.178 4 8 .7 0  4 .928
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Table A 11 Surface tension data for 2 °  LAS in 0.01 M T.l.S. ( NaCl) at 25 ° C 

C, Mol dm'3 xlO^ Y'mNnrl - log C

4.632 36.80 3.334

3.860 36.70 3.413

2.316 39.89 3.635

1.544 43.30 3.811

0.9264 47.75 4.033
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Table A 12 Surface tension data for C j2(EO)g - 2 °  LAS mixture in 0.01 M T.I.S.(NaCl)

at 2 5 ° C , a 1 =0.7576

C ]2 , Mol dm '3  xlO^ Y, m N m 'l - log C ]2

9.676 36.50 4.014

8.063 36.50 4.094

4.147 37.54 4.382

2.419 41..39 4.616

1.489 44.80 4.827

Table A 13 Surface tension data for C p fE O lg  - 

at 25 °  C, a p  0.6002

2 °  LAS mixture in 0.01 M T.I.S.(Na

O p ,  Mol dm '3  xlO^ Y, mNm'* - l o g C p

11.58 36.71 3.936

5.790 36.90 4.237

3.308 39.44 4.480

2.316 42.05 4.634

1.448 45.46 4.389
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Table A 14 Surface tension data for 4 °  LAS in water at 25 °  C

C, Mol dm '3  xl()3 y, mNm‘ 1 - log C

2.185 36.87 2.660

1.820 36.87 2.740

1.311 39.36 2.882

1.092 41.63 2.962

0.7283 44.85 3.138

0.5200 49.50 3.284

0.3642 53.40 3.439
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Table A 15 Surface tension data for C i2(EO)g - 4 °  LAS mixture in water at 25 0 C,

a j=  0.5158

C 12 , Mol dm* 3 xlO^ y .m N n r ' - l o g C i 2

1.456 38.64 3.837

1.213 38.52 3.916

0.8736 38.97 4.058

0.5824 41.47 4.235

0.2912 45.48 4.536

0.1456 49.71 4.836
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Table A 16 Surface tension data for Ci2(EO)8 - 4 °  LAS in water at 25 °  C,

a j  =0.8091

C j 2 , Mol dm'3  xlO^ - l o g C ] 2

9.085 38.07 4.042

7.571 38.04 4.121

5.451 39.87 4.264

3.028 43.65 4.518

1.817 46.95 4.740

1.514 47.93 4.821
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Table A 17 Surface tension data for 4 °  LAS in 0.005 M T.I.S.(NaCl) at 25 °  C

C, Mol dm '3  xlO^ y .m N n r ' - log C

1.528 34.15 2.816

1.222 34.18 2.913

0.9168 34.30 3.038

0.6112 35.87 3.214

0.4366 38.85 3.360

0.2547 43.28 3.594

I
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Table A 18 Surface tension data for C i2(EO)g - 4 °  LAS in 0.005 M T.l.S.(NaCl)

at 2 5 ° C , a 1 =0.3992

C j2 , Mol dm '3  xlO^ y, m N m 'l - l o g C j 2

12.11 36.37 3.917

9.688 36.41 4.014

7.266 36.83 4.138

4.844 39.60 4.315

3.633 41.76 4.440

2.422 44.56 4.616
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Table A 19 Surface tension data for C i2 (EO)g - 4 °  LAS mixture in 0.005 M T.I.S.(NaCl) 

at 25 °  C , d j  = 0.7686

C j2 , Mol dm ‘3 xlO^ y, m N n r ' - log C \ 2

6.539 36.73 4.184

5.950 36.77 4.225

3.923 39.56 4.407

3.139 41.40 4.503

2.616 42.40 4.582

1.959 44.6 4.700
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Table A 20 Surface tension data for 4 °  LAS in 0.01 M T.I.S.(NaCl) at 25 °  C

C, Mol dm*3 xlO^ y, mNm*l - log C

2.297 33.66 2.639

0.9844 33.68 3.007

0.6563 34.17 3.183

0.4594 37.20 3.338

0.2552 42.10 3.593

0.1312 47.54 3.882



129

Table A21 Surface tension data for C i2(EO)8 - 4 °  LAS mixture in 0.01 M T.I.S.(NaCl)

at 25 °  C, a ]  =0.02824

C j 2 ,  Mol  d m ‘ 3  xlO^ Y>m N m ' l  - l o g C ] 2

14.18 33.21 2.848

8.726 33.23 3.059

4.727 33.53 3.325

2.836 34.22 3.547

1.418 38.83 3.848

0.5672 45.74 4.246

0.2836 51.00 4.548
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Table A22 Surface tension data for C i2(EO)g - 4 °  LAS mixture in 0.01 M T.I.S.(NaCI)

at 2 5 ° C , a 1 =0.1331

C ] 2 , Mol dm '3 xlO^ - lo g C i 2

3.966 34.50 3.402

3.173 34.54 3.498

2.380 34.85 3.623

1.586 35.47 3.800

0.7932 38.66 4.100

0.4407 42.90 4.356

0.1762 50.06 4.754
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Table A 23 Surface tension data for C i2(EO)g - 4 °  LAS mixture in 0.01 M T.I.S.(NaCl)

at 25 °  C, a j  =0.7566

C j2 , Mol dm ' 3  xlO^ y.mNtrr* - l o g C j 2

8.134 36.39 4.090

6.507 36.52 4.186

4.067 39.20 4.390

2.711 41.91 4.567

1.627 45.71 4.788

1.162 47.76 4.936
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Table A 24 Surface tension data for C i2(EO)g in 0.025 M T.I.S. ( N aC l) at 25 °  C

C, Mol dm '3  xlO^ - log C

28.18 34.60 3.550

17.78 34.60 3.750

7.002 36.50 4.155

5.602 38.15 4.252

3.981 40.50 4.400

3.360 41.70 4.474

2.334 43.93 4.633
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Table A 25 Surface tension data for 4 °  LAS in 0.025 M T.I.S.( N aC l) at 25 °  C

C, Mol dm ‘3 x1Q4 y, m N n r ' - log C

6.238 31.94 3.205

4.990 31.90 3.302

2.994 32.21 3.524

2.495 33.87 3.603

1.497 37.83 3.825

0.998 40.83 4.000



134

Table A 26 Surface tension data for C i2(EO)g - 4 °  LAS mixture in 0.025 M T.I.S.(NaCl)

at 2 5 ° C , a 1 =0.4571

C 12, Mol dm'3  xlO^ - l o g C i 2

1.352

1.082

0.5408

0.4328

0.3380

0.2705

34.00

34.07

34.80

36.31

38.06

39.86

3.869

3.966

4.267

4.364

4.471

4.567
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Table A 27 Surface tension data for C i2(EO )8 - 4 °  LAS mixture in 0.025 M T.I.S.(NaCl)

at 25 °  C, ctf =0.6275

C 12 , Mol dm ‘3 xlO^ y, m N n r ' - l ° g C l2

1.046 34.60 3.980

0.6276 34.84 4.202

0.4184 36.20 4.379

0.3487 37.57 4.457

0.2510 40.28 4.600

0.2092 41.53 4.680
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Table A 28 Surface tension data for C i2(EO)g in 0.05 M T.I.S. ( N aC l) at 25 °  C

C, Mol dm '3 xlO^ y, m N m 'l - log C

7.728 35.45 4.112

6.182 37.50 4.209

4.637 39.50 4.333

3.091 42.20 4.510

1.855 45.60 4.730

1.546 46.80 4.810
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Table A 29 Surface tension data for 4 °  LAS in 0.05 M T.I.S.( N aC l) at 25 °  C 

C, Mol dm ‘3 xlO^ y, m N m 'l - log C

12.48 30.60 2.904

6.240 30.40 3.206

3.566 30.40 3.448

2.080 30.60 3.682

1.560 32.43 3.807

1.040 35.91 3.983

0.780 38.11 4.108

0.567 40.90 4.246
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Table A 30 Surface tension data for C ]2(EO)8 - 4 °  LAS mixture in 0.05 M T.I.S.(NaCl)

at 25 °  C, a j  =0.4365

C \ 2 , Mol dm '3  xlO^ y .m N n r ' - l o g C j 2

2.888 32.78 3.539

1.733 32.78 3.761

1.155 32.76 3.937

0.5776 33.25 4.238

0.4950 33.50 4.305

0.2888 37.51 4.539

0.2166 39.68 4.664
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Table A 31 Surface tensiondata f o rC i2(EO)8 - 4 °  LAS mixture in 0.05 M T.I.S.(NaCl)

at 25 °  C .a j  = 0.5534

C j 2 , mol dm '3  xlO^ y, mNm - '  - l ° g C l 2

1.33 33.14 3.876

0.798 33.25 4.098

0.570 33.44 4.244

0.380 35.20 4.420

0.266 37.90 4.575

0.190 40.56 4.721
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Table A 32 Surface tension data for C i2(EO)8 in 0.1 M T.I.S. (NaCl) at 25 °  C

C j2 . mol dm '3  xlO^ y , m N m ' '  - l o g C j 2

2.899 34.70 3.538

1.450 34.59 3.839

1.160 34.60 3.936

0.8128 34.60 4.090

0.6711 35.80 4.170

0.4832 38.44 4.316

0.2899 42.50 4.538

0.2319 44.00 4.634

0.1611 46.02 4.793

0.0966 49.50 5.01
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Table A 33 Surface tension data for 4 °  LAS in 0.1 M T.I.S. ( N aC l) at 25 °  C

C, mol dm '3  xlO^ y, m Nnr* - log C

1.248 28.64 2.904

0.9980 28.80 3.000

0.6238 28.62 3.205

0.3564 28.80 3.448

0.2079 28.65 3.682

0.1248 29.22 3.904

0.0959 31.11 4.018

0.0446 37.55 4.351

0.0250 42.70 4.602

0.0192 44.90 4.717
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Table A 34 Surface tension data for C i2(HO)g - 4 °  LAS mixture in 0.1M T.I.S.(NaCl)

at 25 °  C, a j  = 0.4365

C ]2 , mol dm*3 xlO^ Y>m Nm*l - l o g C i 2

5.757 31.47 3.238

2.888 31.30 3.539

1.650 31.34 3.780

0.9627 31.38 4.016

0.7219 31.50 4.141

0.5250 31.54 4.279

0.3610 32.63 4.442

0.2220 36.62 4.654

0.1640 39.73 4.785

0.1203 41.80 4.921
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Table A 35 Surface tension data for C i2(EO)8 - 4 °  LAS mixture in 0.1 M T.I.S.(NaCl)

at 25 °  C, otj =0.5372

C \ 2 ,  mol dm ‘ 3  xlO^ y, m Nm- ' - l o g C i 2

1.058

0.6348

0.4069

0.3023

0.2885

0.1814

0.1374

0.1008

31.88

31.92

32.30

34.07

34.63

38.65

41.20

43.51

3.976

4.197

4.390

4.520

4.541

4.742

4.863

5.000
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Table A 36 Surface tension data for C ]2(HO)g in 0.01 M T.l.S. (NaCl) at 35 °  C

C, mol dm '3  x 1 O'* y, m N nr 1 - log C

1.518 33.60 3.819

1.214 33.65 3.916

0.7590 33.92 4.120

0.5060 36.20 4.296

0.2530 41.57 4.597

0.1898 43.43 4.721

0.1265 45.94 4.900
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Table A 37 Surface tension data for 2 °  LAS in 0.01 M T.I.S. ( N a C l) at 35 °  C

C, mol dm '3 xlO^ y, m N n rl - log C

3.576 36.34 3.447

2.861 36.36 3.543

1.788 39.93 3.748

1.192 43.59 3.924

0.8940 46.01 4.040

0.5960 49.66 4.225
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Table A 38 Surface tension data for C i2(EO)g - 2 °  LAS mixture in 0.01 M T.I.S.(NaCl)

a t3 5 °C ,< X j = 0.6797

Cj2, mol dm‘ 3  xlO^ y, mNnr' - l o g C i 2

9.305 35.63 4.030

6.203 35.62 4.208

3.722 37.15 4.429

2.658 39.37 4.575

2.068 41.17 4.684

1.550 43.15 4.810

1.240 45.04 4.906
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Table A 39 Surface tension data for C i2 (EO)g - 2 °  LAS mixture in 0.01 M T.I.S.(NaCl) 

at 35 °  C, a j  =0.7608

Ci2 .  m(>l d m '3 xlO^ y<m Nm'^ - l o g C j 2

8.800 35.38 4.056

5.867 35.40 4.231

3.520 37.16 4.453

2.514 39.58 4.600

1.676 42.50 4.770

1.006 46.35 4.996
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Table A 40 Surface tension data for C i2(EO)g in 0.01M T.I.S. ( N aC l) at 40 °  C

C, mol dm '3  xlO^ y, mNm‘ 1 - log C

8.912 33.35 4.050

7.396 33.40 4.130

4.390 35.57 4.307

3.698 37.75 4.432

2.645 40.52 4 609

1.849 42.42 4.733
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Table A 41 Surface tension data for 2 °  LAS in 0.01 M T.l.S. ( N aC l) at 40 °  C

C, mol dm ‘3 xlO^ Y .m N rn '' - log C

3.311 35.90 3.480

2.861 35.90 3.543

2.384 37.00 3.623

1.907 39.20 3.720

1.192 43.30 3.924

0.9536 45.32 4.020

0.6357 48.81 4.196
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Table A 42 Surface tension data for C i2(EO)g - 2 °  LAS mixture in 0.01 M T.I.S.(NaCl)

at 40 0 0 , 0 !  =0.7562

C12. mol dm ' 3  xlO^ y . m N n r '  - l o g C ] 2

9.169 34.71 4.038

6.113 34.73 4.210

4.075 35.68 4.389

3.056 37.76 4.514

2.037 40.73 4.690

1.528 42.88 4.815
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Table A 43 Surface tension data for C i2(EO)g - 2 °  LAS mixture in 0.01 M T.I.S.(NaCl)

at 40 °  C, a j  =0.6797

C j 2 , trtol dm '3  xlO^ y ,m N m ‘ ' - l o g C i 2

7.079 34.96 4.150

6.203 34.94 4.208

3.802 36.30 4.420

3.102 37.95 4.509

2.585 39.15 4.558

2.068 40.70 4.684

1.379 43.77 4.860
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Table A 44 Surface tension data for AOT in H2O at 25 0 C.

C, mol dm'3 xlO^ y, m N n r' - log C

30.90 29.90 2.510

28.18 30.10 2.550

25.75 30.30 2.589

21.46 31.88 2.668

15.45 35.10 2.811

10.30 37.85 2.987

7.725 40.60 3.112

6 .3 1 0  4 2 .5 0  3 .200
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Table A 45 Surface tension data for C i 2 (EO)g - AOT mixture in H2 O at 25° C,

a j=  0.0186

C\2, m ol dm ' 3  xlO ^ y, m N n r ' - l o g C j 2

16.63 32.08 2.779

13.86 32.16 2.858

8.315 34.40 3.080

5.543 37.11 3.256

4.158 39.18 3.381

2.772 41.90 3.557



154

Table A 46 Surface tension data for C i2 (EO)g - AOT mixture in H2 O at 25° C, 

a j  = 0.0292

C ] 2 , mol dm ‘3 xlO^ Y-rr|N m 'l - lo g C i 2

15.22 32.60 2.818

12.68 32.65 2.890

7.610 34.40 3.119

4.348 37.90 3.362

3.261 39.76 3.487

2.170 42.85 3.663
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Table A 47 Surface tension data for AOT in 0.01 M T.I.S. (NaCl) at 25° C. 

C, mol dm -3 x 10^ y, m N nr 1 - log C

27.54 26.70 2.560

22.39 26.90 2.650

15.25 27.75 2.817

7.625 31.38 3.118

5.083 33.56 3.294

2.542 37.61 3.595

1.694 39.75 3.771

1.017 42 .73  3 .993
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Table A 48 Surface tension data for C i 2 (EO)g - AOT mixture in 0.01 MT.I.S.(NaCl) 

.at 25° C, a j  = 0.7346

C j 2 . niol dm '3  xlO^ - lo g C i 2

9.332 35.00 4.030

8.180 35.03 4.087

6.818 35.64 4.166

4.096 38.94 4.388

3.409 40.38 4.467

2.273 42.80 4.644
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T a h h  A 49 Surface tension  da ta  for C i 2 (E O ) 8  - A O T  m ix tu re  in 0.01 M T .I.S .(N aC l) 

at 250 c ,  t t l  = 0.4443.

C j 2 , m o l d m '3  xlO ^ y, m N m 'l  - l o g C i 2

15.85 34.25 3.800

13.70 34.29 3.884

10.89 34.52 3.963

6.535 37.28 4.184

4.357 39.85 4.360

3.268 41.81 4.485



158

Table A 50 Surface tension data for AOT in 0.025 M T.I.S.( N a C l) at 25° C. 

C, mol dm*^ xlO^ y, m N m 'l -log C

11.22 26.50 2.950

8.860 26.51 3.053

7.383 27.03 3.132

4.430 30.33 3.354

2.953 32.60 3.530

1.477 36.68 3.831

0.9843 39.01 4.007

0.5495 42.50 4.26
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Table A 51 Surface tension data for C j2(EO)8 - AOT mixture in 0.025 MT.I.S.(NaCl)

at 25° C . a p  0.6322.

C 12 . mol dm '3  xlO^ y, m N n r ' *logC ]2

11.48 33.65 3.940

9.567 33.65 4.019

5.740 35.84 4.241

3.827 38.51 4.417

2.399 41.50 4.620

1.640 44.00 4.785
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Table A 52 Surface tension data for C i 2 (EO)g - AOT mixture in 0.025 MT.l.S.(NaCl) 

at 2 5 ° C ,a 1 =0.4363.

C i2, mol dm'3 xlO^ y,mNnr' - lo g C i2

15.72 32.95 3.804

13.10 32.95 3.883

7.860 34.40 4.104

6.550 35.50 4.184

4.367 38.31 4.360

2.620 41.60 4.582

1.950 43.50 4.710
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Table A 53 Surface tension data for AOT in 0.05 M T.I.S. ( N a C l) at 25° C. 

C, m ol d m '3  xlO ^ y .m N m 'l  - log C

7.025 25.33 3.153

5.854 25.37 3.232

3.512 28.43 3.454

2.342 30.74 3.630

1.171 34.48 3.931

0.7807 36.88 4.107

0.3802 41.10 4.420



162

Table A 54 Surface tension data for C i2(EO)g - AOT mixture in 0.05 MT.I.S.(NaCl)

at 25° C, a j  = 0.3974.

C ] 2 , mol dm ‘3 xlO^ y .m N m - ' - lo g C i 2

12.88 31.90 3.890

10.60 31.94 3.975

8.833 32.44 4.054

5.300 36.02 4.276

3.533 38.78 4.452

2.650 40.70 4.577

i
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Table A 55 Surface tension data for C i2 (EO)g - AOT mixture in 0.05 MT.I.S.(NaCl) 

at 25° C a ^  0.5190.

C j2 , mol dm'3 xl05 y.mNnr' - lo g C i 2

11.48 32.40 3.940

8.412 32.72 4.070

7.010 33.55 4.150

4.206 37.10 4.376

3.505 38.33 4.455

2.103 41.70 4.678



164

Table A 56 Surface tension data for C i2(EO)2SC>4Na in 1.95 x l0 '3  M Mg2+

at 250 C.

C, mol d m '3 xlO^ Y, m N m 'l - log C

56.33 34.29 3.249

42.25 34.26 3.374

35.21 35.09 3.453

21.12 40.11 3.675

14.08 43.16 3.851

Table A 57 Surface tension data for C ^ S O jN a  in 1.95 x l0 '3  M Mg2+ at 25° C.

C, mol dm '3  xlO^ y, m N m 'l - log C

12.68 36.31 2.897
8.454 39.86 3.073
4.227 45.76 3.374
2.818 50.47 3.550
1.409 57.11 3.851
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Table A 58 Surface tension data for C ^ E O ^ S C fy N a  - C ^ S O jN a  mixture in

1.95xl0-3 M Mg2+ at 2 5 ° C , a 1 =0.199.

C j 2. mol dm"3 xlO^ y, m N m 'l * log C j2

52.83 39.72 3.277

35.22 42.87 3.453

24.55 46.00 3.610

17.61 49.62 3.754

Table A 59 Surface tension data for C j 2 (E0 )3 S0 4 Na in 1.95x10*3 M Mg2+ at 25°C

C, mol dm '3 xlO^ - log C

9.228 35.39 3.035

7.382 35.43 3.130

4.614 35.47 3.335

2.768 37.10 3.558

1.845 40.04 3.734

0.9228 44.73 4.034
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Table A 60 Surface tension data for C i2(EO)3S04 Na - C ^ S O jN a  mixture in

1.95x 10*3 M Mg2+ at 25° C, a  j = 0.1407

C i 2 . ntol dm"3 xlO^ y, mNm'* - l ° g C i2

15.85 31.80 2.800

13.18 31.80 2.880

9.772 33.80 3.010

6.559 37.10 3.183

3.279 43.90 3.484

1.639 49.70 3.785

Table A 61 Surface tension data for C ^E O ^S C X jN a  in 1.95x10*3 m  Mg2+

at 25° C

C, mol dm ‘3 xlO^ y, m N m '' - lo g C

54.00 37.09 3.268

40.50 37.10 3.393

27.00 37.92 3.569

20.25 40.19 3.694

12.02 44.00 3.920

0.6750 47.44 4.171
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Table A 62 Surface tension data for C i2(EO)4S0 4 Na - C ^ S C ^ N a  mixture in

1.95x10-3 M Mg2+ at 25° C, a !  = 0.1003.

C \ 2 ,  mol dm ‘3 xlO^ y, m N rrfl - l o g C n

13.18 33.00 2.880

6.761 38.50 3.170

4.677 41.40 3.330

3.388 44.20 3.470

Table A 63 Surface tension data for C j2 S0 4 Na in 1.95x10*3 M Mg2+ at 25° C

C, mol dm '3 xlO^ Y, m N m 'l - log C

20.51 34.68 2.688

19.77 34.63 2.704

18.31 34.79 2.737

14.65 37.52 2.834

10.98 39.75 2.959
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Table A 64 Surface tension data for C ]2(E0 )3S04 Na - C ^ S C ^ N a  mixture in

1.95x1 O'3 M Mg2+ at 25° C, a  j = 0.1407.

C i 2 , mol dm '3 xlO^ y .m N m '' - l o g C i 2

11.09 32.47 2.955

8.879 32.48 3.052

7.397 34.35 3.131

5.188 37.50 3.285

3.698 40.94 3.432

2.957 42.84 3.529

Table A 65 Surface tension data for C i2 (E0 )3 S0 4 Na - C ]2 S0 4 Na mixture in 

1.95x10-3 M Mg2+ at 25° C, a j  = 0.6202.

C j 2 , mol dm '3  xlO^ y* mNm’ 1 - l o g C i 2

16.77 33.72 2.775

13.42 33.76 2.872

6.710 33.95 3.173
3.355 36.86 3.474

2.239 40.00 3.650
1.677 42.68 3.775

1.345 44.16 3.875
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Table A 66 Surface tension data for C i2(E0 )3S0 4 Na - C ]2S0 4 Na mixture in

1 .95x10-3  M  M g2+  at 2 5 °  C, a j  = 0 .952 .

C ] 2, mol dm '3 xlO^ y, mNm'* - l o g C i 2

6.554 34.50 3.183

4.369 34.40 3.360

3.277 34.87 3.485

2.184 38.09 3.661

1.092 44.00 3.962

Table A 67 Surface tension data for C i 2 (E0 )4 S0 4 Na - C i 2 S0 4 Na mixture in 

1.95x10-3 M Mg2+ at 25° C, a !  =0.1373.

C 1 2 , mol dm"3 xlO^ y, m Nm "' - l o g C i 2

14.75 31.70 2.831
9.834 31.61 3.007

4.917 35.33 3.308

2.458 41.96 3.609

1.475 47.20 3.831
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Table A 68 Surface tension data for C j2(E0 )4S0 4 Na - C ^SC fyN a mixture in

1 .9 5 x 1 0 -3  M Mg2+ at 25° C, otj = 2408.

C j2 , mol dm'3 xlO^ y, mNm'^ -logCi2

8.411 32.00 3.075

5.608 32.10 3.251

4.467 33.50 3.350

2.129 38.45 3.552

1.402 45.22 3.853

1.122 47.40 3.950

Table A 69 Surface tension data for C i 2 (E0 )4 S0 4 Na - C ] 2 S0 4 Na mixture in 

1.95xl0-3 M Mg2+ at 25° C, a !  = 7216.

C j2 , mol dm*3 xlO^ y, m Nm "' - logC ] 2

4.467 32.70 3.350

3.742 32.72 3.420

3.388 32.70 3.470

2.806 33.50 3.552

1.871 36.71 3.728

1.175 41.00 3.930
0.9354 43.35 4.029
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