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A b strac t

Molecular In terac tion  and Synergism  

in B inary  M ixtures of S u rfac tan ts  

a t th e  Solid/Liquid In terface

by  

Ben Gu

A dvisor: P ro fessor Milton J .  Rosen

A nonideal solution trea tm en t has been  developed and used  to 

calculate the  mole frac tio n s , X, and in te rac tion  param eters, (5, 

between two su rfa c tan ts  in the  monolayer a t  various in te rfaces. 

T reatm ent "R", based  upon the  assum ption of th e  same ra tio  of 

in terfacial a reas in the  mixed and indiv idual su rfa c tan t monolayers, 

gives X values in close agreem ent w ith th ese  obtained  by  using  the  

Gibbs equation and a  3 value th a t is essen tia lly  constan t with 

change in X and surface  p re s su re , i t . T reatm ent "E", based upon 

the  assum ption of insign ifican t change in  su rfa c ta n t molar area  in 

the  m ixture, gives X and  P values th a t dev iate  m ore.

Equations have been derived  fo r th e  conditions u n d er which 

synergism  in in terfac ia l tension  reduc tion  efficiency in b inary  

m ixtures of su rfac tan ts  a t th e  liqu id /hydrophob ic  solid in terface  and 

for various p ro p erties  of th e  m ixture a t  th e  po in t of maximum

iii



synergism . The dependence of a ttra c tiv e  in te rac tion  betw een two 

su rfac tan ts  in the  monolayer on th e  n a tu re  of the solid su rface , the  

ionic s tre n g th  of solution, th e  chain len g th  and  th e  s tru c tu re  of the  

su rfac tan ts  has been stud ied .

New equations, based  upon th e  B u tle r equation and combining 

the  2-D gas and 2-D solution approaches, a re  used to calculate the 

adsorption free  energ ies of mixed su rfa c ta n ts  a t the  L/V and S/L 

in te rfaces. Both s tan d ard  free  en erg ies  of adsorp tion , calculated 

from Rosen-Aronson equation , and  those  obtained by the  new 

equations become more negative w ith increasing  su rfac tan t chain 

leng th  a t all in terfaces investiga ted  and  a linear relationship  was 

found a t the L/V in te rface . B u t th e  increm ent decreases with 

increase in  chain leng th  a t the  S /L  in te rfaces .

The rela tive  adsorp tion  of th e  su rfa c tan ts  a t the  solid /liquid  

and liqu id /vapor in te rfaces , determ ined by  using  adhesion tension 

v s . surface tension p lo ts , decreases in th e  o rd e r: Parafilm > Teflon 

> polyethylene and th is  is consisten t w ith th e  re su lts  obtained by 

using  Gibbs adsorp tion  equation . The critica l su rface  tensions of 

Teflon and Parafilm obtained by ex trapo la ting  the  plots of Jf^CosB 

v s . from cationic-anionic su rfa c tan t m ixtures and pu re  liquids 

a re  identical.
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1

CHAPTER I 

INTRODUCTION

I.A . General A spects

The subject of the  so lid /liquid  in te rface  and  re la ted  

phenomena, such as w etting  and  floatation, has a ttra c te d  surface 

chemists and has been  the  focus of a wide range  of investigations 

because it is  so im portant in ou r everyday  life , in  food processing  

and soil chem istry, and in th e  dye, p ap er, pa in t, pharm aceutical, 

ru b b e r , m ineral p rocessing  and  petroleum  in d u s tr ie s .

Although so lid /liqu id  in terfac ia l phenomena have been 

observed and  made use of fo r long time, detailed  quan tita tive  

stud ies have been limited because of 1) th e  complex n a tu re  of the  

phenomena involving th ree  in te rfaces: so lid /liqu id , so lid /vapor and 

liqu id /vapor, and 2) the  im perfect n a tu re  of the  solid surface in



actual p ractice.

The objectives of th is  work a re  1) to  examine th e  properties 

of m ixtures of su rfa c ta n ts , such  as m olecular in teractions and 

synergism  in mixed monolayers a t th e  so lid /liqu id  in te rface, and  2) 

the free  energies of adso rp tion  of su rfa c tan ts  a t the  solid/liquid 

in te rface .

I .A . l  Molecular In te rac tio n s and Synergism

M ixtures of dissim ilar and homologous su rfac tan ts  are more 

extensively used than  th e  ind iv idual su rfa c tan ts  because they  are 

often more surface active an d  less expensive . T herefo re , stud ies of 

su rfac tan t in teractions have g rea t significance in both theory  and 

practice and a la rge  num ber of investiga tions have recen tly  been 

d irected tow ards u n d ers tan d in g  th e se  in te rac tions in m ixtures of 

su rfac tan ts  (1 ,2 ,3 ,4 ,5 ,6 ,7 ,8 ,9 ) .

In the  early  1960s th e  ideal m ixing model was developed and

widely used  for ideal su rfa c ta n t system s (10 ,11 ,12 ,13 ,14 ,15 ,16). In

1979, Rubingh (17) developed a m ethod to tre a t  mixed micelle

formation in nonideal m ix tures based on a re g u la r  solution model. A
Msurfac tan t in teraction param eter fo r mixed micelle formation (6 ) in 

binary  m ixture of su rfa c tan ts  was calculated based upon the 

treatm ent. This method h as been ex ten d ed  and  applied to a wide 

range of investigations (18 ,19 ,20 ,21 ,22 ,23 ).



In  th is  labo ra to ry , we have ex tended  th e  nonideal treatm ent to 

mixed monolayer formation (24 ,25 ,26 ,27 ,28 ,29 ,30) and to investigate  

the molecular in terac tions an d  synergism  in  b inary  m ixtures of 

nonionic-nonionic, nonionic-anionic, anionic-anionic, zw itterionic- 

nonionic zw itterionic-anionic and cationic-anionic su rfac tan ts  a t 

various in terfaces and in  micelles.

Most of the s tu d ies  of in teraction  betw een the su rfac tan t 

molecules in in terfacia l monolayers have involved the liqu id /vapor 

in terface. Less a tten tion  h as been  shown to the liqu id /liqu id  

in terface, and  very few stud ies have been devoted to the  

solid/liquid in terface.

This w ork ex tends the nonideal solution treatm ent of molecular 

in teractions and  synergism  a t  the v apo r/liqu id  in terface to the  

solid/liquid in terface. Two d ifferen t trea tm en ts  ("E" and "R") have 

been developed and u se d  to calculate su rface  mole frac tions (X) and 

in teraction param eters (3) between th e  d iffe ren t su rfac tan t molecules 

in the mixed in terfacial monolayer.

In  o rd er to  elucidate the  effect of the n a tu re  of solid surface, 

the  chemical s tru c tu re s  and molecular environm ent of the su rfac tan t 

molecules on th e  value of the  in teraction  param eter at solid/liquid 

in terface, various k inds of su rfac tan t m ix tu res in solutions of

d ifferen t ionic s tren g th  had been investiga ted  a t  d ifferen t low- 

su rface-energy  hydrophobic so lid /aqueous solution in terfaces. 

Theoretical predictions of synergism  agree well w ith experim ental



re su lts . The effect of the  in terface on the mole fractions and  

in teraction  param eters is  d iscussed  and compared w ith th a t a t th e  

vapor/liqu id  and  liqu id /liqu id  in te rfaces.

I .A .2 F ree E nergies of A dsorption

A dsorption is th e  p rocess in which the  su rfac tan t molecules 

red is tr ib u te  betw een th e  bulk phase and th e  in terfacia l phase. The

resu lt is  the  formation of d iffe ren t su rfac tan t concentrations in th e
\

two ph ases . From a therm odynam ic view, the  process stems from 

the  fac t th a t su rfa c tan t molecule has a d ifferen t energy  in th e  

d ifferen t p h a se s . A dsorption is fundam ental to all surface 

phenomena. T here fo re , the thermodynamic stu d y  of adsorption is 

ve ry  im portant fo r both theore tical and p rac tical p u rp o se s .

A num ber of d iffe ren t methods have been developed to 

calculate the  s tan d a rd  free  en erg y  of su rfac tan t adsorption at th e  

vapor/aqueous solution in te rface  using  surface tension da ta . 

However, most work h as concen tra ted  on low surface p ressu re s  and  

th e  adsorp tion  of individual su rfac tan t a t  vapor/aqueous solution 

in te rface . The more p rac tica l cases a t h igh  in terfacia l p ressu re  fo r 

individual o r mixed su rfa c ta n ts  have no t been received th e ir  

deserved  a tten tion . T he available lite ra tu re  data  on free  energies 

of adsorp tion  a re  limited to  the liqu id /vapor and liquid/liquid  

in te rfaces. To the b e s t of our knowledge, data on the free  

energ ies of adsorp tion  of mixed su rfac tan ts  a t the  solid/liquid



in terface have n o t yet been  re p o rte d .

In  order to  fill th e  g a p s , th is  w ork attem pts to use  a new 

method, based upon th e  B u tle r  equation and the use  of a 

combination of th e  2-D gas and  the  2-D solution models, to  estimate 

the free  energ ies of ad so rp tio n  fo r e th e r  individual or mixed 

su rfac tan ts  at any  in te rfac ia l p re s su re . Thermodynamic data for 

individual and m ixed su rfac tan ts"  a t th e  liqu id /vapo r and solid/liquid 

in terfaces have been  calcu lated  based  upon th is  approach . The free  

energy of adsorption is influenced by  the  n a tu re  of the solid 

surface and  the s tru c tu re  of th e  su rfa c tan t.
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I .B . B ackground

I . B . l  G ibbs' A dsorption

I . B . l  - 1 G ibbs Surface

Surface o r  in te rface  is  a d ifficu lt concept to deal w ith. As 

shown in F igure I —1, above th e  plane A-A' and below the plane B- 

B' are  homogeneous bulk  phases of a and b . The range  betw een A- 

A' and B-B ' is su rface  phase  ( also called in terfacia l phase ) .  In

a

A ------------------------------------------------------  A'

S ..................................................................   S'

B ------------------------------------------------------ B'

b

F igure  I —1

th is  range  th e  compositions and  p ro p e rtie s  a re  uniform w ithin the 

plane th a t paralle ls to  th e  A-A ' and  B -B ' planes and  continuously 

change th a t along the  p e rp en d icu la r d irection  of the  p lanes. In  the 

actual case th e  boundaries betw een bu lk  and  in terfacia l phases are  

no t sh a rp . A nd the  th ick n ess of the  su rface  range  is usually  

about 1 nm o r m ore. I t  is v e ry  d ifficu lt to  get information of the



changes of the  compositions and  p ro p erties  in th e  direction of the 

bulk phase.

T here  a re  some d iffe ren t models to be used in  the 

thermodynamic trea tm en ts fo r th e  in terfacia l phase. Gibbs su rface , 

most convenient and  w idely accepted  model, is an imaginary surface 

th a t a plane S -S ', a 1-dim ensional geometry plane, is selected as the 

in terfacial phase.
g

On th e  su rface  phase  the  compositions are  described by  n. 

called surface  e x c e ss . ‘ T he surface excess concentration is a

surface excess p e r  u n it area  and rep re se n ts  the  adsorption  of 

component i on the  su rface

f , = n .s /A  [1-1]

In o rd e r to fix th e  position of the  Gibbs su rface , the usual

convention is to  s e t  the  div id ing  su rface  S -S ! such th a t 1 ^ = 0  and 

adsorption  of components o th er than  1 is called the rela tive  

adsorp tion , (31). For a surface  active component the surface 

excess concentration  can be considered equal to the  surface 

concentration  w ithout sign ifican t e rro r .

I . B . l  - -  2 Gibbs Equation

The original scheme of a d ifferen tial equation rela ting  surface 

excess, n , concentration of so lu te, C, and  the  slope of plot of 

surface tension v s . concentra tion , dJf/dC, called Gibbs equation, 

was derived  by  J .  W. Gibbs (32) in 1878.
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The s t r ic t  Gibbs equation  fo r adsorp tion  > obtained by  use of 

thermodynamic concepts (3 3 ), is

dJT = - S s dT - I Tjdy. [1-2]
swhere S corresponds th e  su rface  phase en tropy , Tj denotes the 

surface excess p e r  unit a rea  of component i and  y. its  chemical 

potential. Eq. [1-2] is one of th e  fundam ental equations of surface 

chem istry .

C onsidering a two-com ponent system , such as. a solute in a 

solvent, Eq. [1-2] becomes

d* = - I^ d y j  - r 2dy2 [1-3]

If the  su rface  phase is chosen in  a position th a t the  surface 

excess of one component, u sua lly  solvent, is zero ( = 0 ) ,  then

dy = - f2X dy2 [1-4]

At thermodynamic equilib rium  of th e  system

y2s = y2b  = y2° + RT In f C [1-5]

where C is th e  concentra tion  an d  f is activ ity  coefficient of the  

solute in bu lk  phase . In  d ilu te  solution, f is chosen as un ity  to a 

f i r s t  approxim ation. S u b s titu tin g  Eq. [1-5] into Eq. [1-4] for y 

gives

dY = - I ^ 1 RT d  In C [1-6]

which is the form in which th e  Gibbs equation is generally  used .

For th e  adsorption  o f 1:1 ionic so lu te (RM) in th e  absence of 

inorganic e lec tro ly te , Eq. [1-3] can  be expanded  to:

dir = - R T  <ra d In CR + rM d In CM) [1-7]



Since the  G ibbs su rface  is an electrically  n e u tra l phase , r R is 

equal to and CR  = Cj^, which gives

dY -  '  2RT rRM d 111 CRM I1"®!

For th e  adsorp tion  of 1:1 ionic solute (RM) in th e  presence of 

excess electrolyte (MY),

d* = - R T (rRd  In cR ♦ rMd m  cM ♦

r Yd In CY) [1-9]

The concentration of Y is constan t and th a t of M (in excess) is  not 

appreciably  changed . Hence, u n der these conditions, Eq. [1-9] 

gives

d * = - R T  rRMd ln  CRM I1' 10'
where the p resence  of the  excess electrolyte has reduced  the factor

2 of Eq. [1-8] to a  factor 1.

I . B . l  - -  3 A dsorption of Mixed Surfactant

The Gibbs equation fo r a m ixture of a nonionic o r  zwitterionic 

su rfac tan t (R°) a n d  an ionic su rfac tan t (RM) in th e  absence of 

added inorganic e lectro ly te  can be w ritten  as

dY = - R T (rROd ln  CR0 + TRd ln CR +

rMd 111 CM) [ I"11]
At constan t mole frac tion  of su rfac tan t in bulk p h ase , a,

d  ln  CRO = d ln CR = d ln Cj^ = d ln

where is the  to ta l mixed su rfac tan t concentration.

Since



w here is  the  to ta l adsorption of all components and XR0 is the 

mole frac tion  of R° based  only on the adsorbed su rfac tan ts  a t  the  

in te rfa c e . T h ere fo re ,

dy = - RT Tt ( 2 - XR0 ) d i n  Ct  [1-12]

For a  m ixture aqueous solution of an a n io n ic . (R  M+) an d  a 

cationic (R +Y ) su rfa c tan t,

dar = - r t  (rR.d to cR. * rMtd  to cMt+

rR+d CR+ * rY-d  ln CY->
Since fo r a n eu tra l in te rface , TR_ + T y. = TR+ + T^+, and

the  surface excess of th e  more, su rface-active  su rfa c ta n t 's  coun ter

ion is zero, a t  constan t o,

dy = -RT 2X I\ d l n  C, [ 1-13]a t  t  1 J
w here X„ is the  mole frac tion  of th e  more su rface-active  ion a t the  a
in te rfac e .

In  e lectro ly te solution containing swamping excesses of th e  

coun ter-ions (M+ and Y )

d ln C ^ + = d lnCy_ = 0, and 

Eqs. [1-12] and  [1-13] are changed to

dy = -RT Tt d ln  Ct> [1-14]

which is th e  same as th a t of individual su rfac tan t in the p resen ce  of 

excess e lectro ly te .
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T he average a rea  p e r  su rfac tan t species, Aftv in  nm2, when
-2is  in mol-cm , is th en  given by

Aay = 10l V (N T t ) [1-15]

where N is A vogadro 's num ber.

A t the solid /liquid  in te rface, the  surface tension , Ygj, is 

re la ted  to  th e  contact angle, 6, and th e  su rface  ten sions a t 

liq u id /v ap o r and so lid /vapor, Yj and Ygv:

y , = y - y, *0050 [ i - ie is i sv  lv 1 1
This equation  was f i r s t  given by Young (34) in 1855. For a low-

e n e rg y -su rfa ce  solid and solutions of a nonvolatile su rfa c ta n t, Ygv

can be considered constant w ithout sign ifican t e r ro r .

D ifferentiation of Eq. [1-16] gives

dYgl =.d(Ysv - Ylv »Cos8)

= -d(Ylv *Cos8) [1-17]

T h ere fo re , a t the  so lid /liquid  in terface the  to ta l ad so rp tions of

mixed su rfa c tan ts  of a nonionic o r zwitterionic w ith an 1:1 ionic

su rfa c ta n t in the  absence of excess swamping coun ter-ions can be

calculated  from

dYlv »Cos0 = RT Tt ( 2 - X po)d ln  Ct  [1-18]

T h e  to ta l adsorption of su rfac tan ts  a t the  so lid /liqu id  in te rface

fo r  a cationic-anionic m ixture system  in th e  absence of excess

inorganic  electrolyte can be obtained from

dYlv *Cos0 = RT r t  2Xftd ln Ct  [1-19]

F o r a mixed su rfac tan t system  in the  p resence  of excess

swamping counter-ion  the to tal surface adsorp tion  of su rfa c ta n ts  a t
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th e  solid/liquid in terface  is  re la ted  to th e  adhesion tension , Y^CosG, 

b y  the relationship:

dYlv *Cos0 = RT Ttd  ln  Ct  [1-20]

These equations a re  similar to Eqs. [1-12], [1-13] and [1-14] 

a t  the  liqu id /vapor in te rface .

In a system  w here 2fjv  and 0 can be d irec tly  m easured, the 

su rface  concentration, P, a t the  liq u id /v ap o r o r solid /liquid  

in te rfaces can be d irec tly  calculated from the  slopes of v s . log 

C or 3fjv *Cos0 v s . log C p lo ts.

Combining the  Gibbs and Young equations, L ucassen-R eynders 

(35) developed an equation re la ting  th e  adhesion tension  to  the  

adsorp tions a t th e  th ree  in te rfaces. The contact angle is re la ted  to 

th e  L/V , L/S and S/V  interfacial tension  by  Y oung's equation 

[1-26]. The surface adsorp tion  a t any  in te rface  can be evaluated 

b y  the  Gibb's adsorp tion  equation

dJTy = -RT d InC [1-21]

w here ij may be lv , Is o r sv . The changes in  InC upon adding 

su rfac tan t are constan t over the  all of th re e  in te rfaces . T herefo re , 

from Young's equation [1-16] and Eq. [1-21],

d(ylv *cos0)/dYlv = (rsv - rsl)/rlv [1- 22]

For a low -energy surface  and a nonvolatile su rfa c tan t solution 

T can be assum ed to be  zero (36 ,37 ,38), which gives
S  V

d(*lv «cos0)/dYlv = - rsl/rly [i-23]

T herefore , the  slope for a plot of adhesion tension , X̂v *Cos0,
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v e rsu s  surface tension gives the re la tive  adsorp tions of su rfac tan t 

a t  the  solid/liquid and  liqu id /vapo r in te rfaces .

I .B .2  Thermodynamic C h arac te ris tic s  of A dsorption
V

A surface active agen t, which has a  polar head group and a 

non-polar p a rt, is always concen tra ted  a t in te rfaces w ith orientation 

of the hydrophilic group in the  po lar phase  and  the  hydrophobic 

p a r t  in the  non-polar o r less polar phase. The s tro n g  adsorption of 

such materials a t in terfaces is term ed su rface  ac tiv ity  and is  related  

to all surface phenomena. T h ere fo re , s tud ies  of the  thermodynamic 

charac teristics of adsorption  are  n ecessa ry  for e ith e r theoretical or 

p rac tical purposes.

J .  W. Gibbs made the p ioneering  work over 100 years ago 

(32). A fter many sc ien tis ts  made g rea t con tribu tions in both 

theoretical and experim ental fie ld s. E. H. L ucassen-R eynders 

developed thermodynamic trea tm en ts in  a system atic study

(39,40,41,42). And free  energ ies of su rfa c ta n t adsorp tion  have 

been calculated by many in v es tig a to rs , u sin g  a v a rie ty  of methods.

Rodakiewicz-Nowak and G oralczyk (43,44,45,46,47,48,49)

repo rted  some thermodynamic d a ta  on cationic and anionic

su rfac tan ts  and th e ir  m ixtures a t  the  vapor/aqueous solution 

in terface in the p resence and absence of added inorganic sa lt using 

th e  B utler equation, based  upon th e  assum ption th a t  the  adsorption
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free  energy  (AG) and  th e  p a rtia l molar a rea  (A) a re  independent of 

i t  o r the solution concentra tion  of su rfa c ta n t. The free  energy  of 

adsorption (AGj.) was obtained  from the experim ental data  by  using 

equation

XbH;0 exp[(-AQHt0 - iWh,0)/RT] *

2£b±{SXb Xb exp[(-A G  - itWyJ/RT]}* = 1 

where su p e rsc rip t b denotes bulk  phase and  W is the  molar a rea  of 

component a t in te rface.

S tandard  free  energ ies of adsorp tion  (AG°) a t the  aqueous 

so lu tion /vapor in terface  have been calculated (50,51) from the 

equation

AG° = -E T  ln[Lim ^  (d it/dc)] 

where Lim (dn /dc) = o (T rau b e 's  constan t) is the  slope of

surface p re ssu re  ( i t )  of the  solution v e rsu s  su rfac tan t concentration 

(C) a t v e ry  dilute su rfa c tan t concen tra tion . H ere, the  hypothetical 

standard  s ta te  is defined in th a t th e  su rfa c ta n t has the  environm ent 

typical of an extrem ely low su rface  concentration  a t u n it surface 

p re s su re . Due to the  v e ry  large  e ffect of p u r ity  of the  su rfac tan t 

o r of the solvent and  th e  lim itation of equipm ent the  e rro r  in 

m easuring the  surface p re s su re  of v e ry  d ilu te  solutions is usually  

ve ry  large . T herefo re , th e  u tility  of th is  equation is limited.

Mukerjee, L ucassen-R eynders and  th e ir  colleagues (52,53) 

have calculated s tan d ard  free  energ ies of adsorp tion  (AG°) of some 

pu re  and mixed su rfac tan ts  a t the  vapo r/aqueous solution in terface
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by u se  of th e  d is tribu tion  coefficient. The d istribu tion  coefficient 

at infinite d ilu tion , Lim  ̂ a^ ,

Lim ir*0 a ij = ( /  K XiS 1„=0
b bw here Xj , a re  mole frac tions of component i, j in the  bulk

phase and XjS, X.s are  mole fractions of component i, j in  the

in terface b ased  on the 2-D solution model. The d istribu tion

coefficient is  re la ted  to th e  stan d ard  free  energy  of adsorption of

the su rfa c tan t ij by th e  exp ression :

AG°y = E T  ln a^

A new approach  to th e  calculation of s tandard  free  energ ies of 

adsorption fo r  individual su rfa c ta n t solutions th a t is applicable to 

data in the h igh  su rface  p re s su re  range  was described  by Eosen 

and Aronson (54). The s tan d a rd  free energy  of adsorption was 

calculated b y  use of the  equation

AG° = 2.303 ET log a - ir Aq [1-24]

where a is th e  activ ity  of the su rfac tan t in the  bulk phase at 

surface p re s su re , it, and Aq is molar a rea  of th e  su rfac tan t in  the

monolayer. H ere , th e  s tan d ard  s ta te  fo r the  in terfac ia l phase is

chosen as an  in te rface  filled with su rfac tan ts  a t a surface p re ssu re  

of zero . D ata a re  obtained d irec tly  from surface tension-

concentration c u rv e s .

For a 1:1 e lec tro ly te  su rfac tan t solution, the  equation

becomes:

AG°ad = 2.303 E T (log  C+ + log f + +

log C_ + log f J  - ttAo [1-25]
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w ere the ac tiv ity  coefficients (f+, f_) can be evaluated from the 

Debye-H uckel equation

log f = -B |Z + Z J  I * / ( l  + 0.33al*) [1-26]

w here I is the  ionic s tre n g th  based  upon the  free  ions in the system  

and a is  th e  mean d istance  approach of th e  ions.

Although these  various m ethods have been developed to 

calculate th e  free  e n e rg y  of adsorp tion , investigations to  date have 

been  limited to  th e  liq u id /a ir  and liqu id /liqu id  in te rfaces.

v

I .B .3  Surface M onolayers

In 1774, Benjamin Franklin  (55) f irs t  rep o rted  quantitative 

data  on th e  sp read ing  of oil on a pond, and found th a t the oil film 

was only about 25 A° th ic k . In the  1890s, fu r th e r  investigations by 

Pockels (56) and Rayleigh (57) showed th a t the  film was only a 

single molecule in  th ick n ess and a close-packed monomolecular film. 

B ut m odern detailed s tu d ies  of monolayers a re  based on the 

experim ental con tribu tions made by  use  of th e  technique called the 

Langmuir tro u g h , and th e  theore tical concepts of Langmuir (58,59). 

The sta tes  of m onolayers a re  classified (by  analogy to th ree -  

dimensional gases, liqu ids and  solids) into gaseous films, liquid films 

o r solid films (60). L iquid films a re  classified into liquid , 

expanded, liquid in term ediate , and liquid  condensed films (61,62).

When a su rface -ac tiv e  agen t is d issolved in  a liquid, the
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su rfac tan t molecules adso rb  a t the  In terface and a monomolecular 

layer is formed a t th e  in te rface . In  comparison w ith sp read  

m onolayers, w here an  insoluble o r sligh tly  soluble substance  is 

placed a t a liq u id -a ir in terface  and the  molecules sp read  over the 

surface to form a th in  film of nm o rd e r th ickness, th is  type of 

monolayer is called a Gibbs monolayer o r soluble monolayer. Soluble 

monolayers a re  more common than  insoluble (sp read ) monolayers in 

most in terfac ia l phenomena. The surface  concentration of a sp read

monolayer can be known by  d irec tly  m easuring the  amount of
\

chemical p e r  u n it su rface  a rea , while th e  surface  concentration  of a 

Gibbs monolayer is obtained ind irectly  by  use  of the  Gibbs 

adsorption  equation (Eq. [1-2]).

I .B .3  - -  1 Thermodynamics of Monolayers

T he model o f .th e  in terface  as a monolayer is ex tensively  used 

in theore tical trea tm en ts . The model assum es th a t the  in te rface , s, 

is a single monomolecular layer linked to two homogeneous bulk 

phases, a and  b . Using th is  model, we can derive an equation for 

the  chemical potential of component i th a t is similar to the  re su lts  

obtained by  apply ing  the  Gibbs surface  model (63). In the  

monolayer, the  free  en erg y  may be described  as

Gs = Fs + PVS - YA [1-27]

w here Fs is th e  Helmholtz free  energy  of th e  in te rface, Vs is the  

volume of the  in te rface , Y is the  surface  tension and  A is  the  area
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of the  in te rface . The chemical potential of component i  on the 

in te rface  is

V* = (3Gs/3 n .s )
»s ... s= (3F °/8x ij ) + PUj - YA. [1-28]

w here

and

u.s = (3Vs/3 n is )

A. = (SA/Snj )

At normal p re ssu re  ( P about 1 a tm .) th e  term  Pu.s is too 

small to compare w ith YA. and  is neglig ible. So, the  chemical 

poten tial of component i can be approxim ately d escribed  a s

y.S = (3FS/3 n is ) - YA. [1-29]

In the  bu lk  phase of a p e rfe c t solution we have

y. = y + ET lnX. [1-30]

and

F. = G. - PV i i

= nt ( y.° + RT lnX. - Pu. ) [1-31]
O

w here y. is the  chemical potential of component i a t th e  standard  

s ta te  defined as a monolayer of p u re  component i a t certa in  

p re s su re , P , assum ing the  dependence of u. only on T  and  P , and 

Xj is th e  molar fraction  of component i in  the  solution. In  the 

in te rface , by  analogy,

F.s = n .s ( y.os + RT ln X.s -  P o ^ )  [1-32]

From Eqs. [1-28] and [1-32]

h = yi°S + RT ^  " yAi  fI_33l
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T his equation rep resen ces the chemical po ten tial of component 

i in the  in terface fo r an ideal monolayer (meaning no in teraction  

betw een the  adsorbed  m olecules).

A lthough in most p ractical cases the  th ickness of th e  in terface 

lay e r may not be th a t of a single molecule, the  monolayer model is a 

simple and convenient treatm ent fo r the  complex rea l in te rface  and 

is ex tensively  used in  theoretical and  p rac tical s tu d ies , since 

approxim ately co rrec t re su lts  can be obtained quickly .

I .B .3  - -  2 Two A pproaches

G enerally, two d ifferen t approaches have been used  to tre a t 

the  monolayer of su rfac tan ts  adsorbed  at an in terface (64).

In  th e  f ir s t  trea tm en t, labeled th e  2-D gas approach , a 

monolayer is reg a rd ed  as a two-dimensional gas composed only of 

adsorbed molecules. This approach has been developed by  several 

sc ien tis ts  since the  early  20th cen tu ry  (59 ,62 ,65 ,66). Because of 

its  simplicity and convenience, the  approach is popu lar and widely 

used on su rfac tan t monolayers, especially in th e  trea tm en t of 

insoluble m onolayers.

When the monolayer is  a p e rfec t 2-dim ensional gas, the  

adsorbed  molecules may be considered as point m asses w ithout 

in terac tions. The equation of sta te  is

ttA = RT [1-34]



w here it is the surface p re s su re  and A is th e  molar surface  a rea  of 

the  adsorbed molecules, by  analogy with th e  p re s su re  and molar 

volume in a three-dim ensional ideal gas. C onsidering the  two k inds 

of in terac tions betw een adsorbed  molecules, m utual repulsion  of 

charged  head groups and  m utual a ttrac tio n  of hydrophobic chains, 

and the  finite size of the  adsorbed  m olecules, Eq. [1-34] can be 

modified as

( * - \  \  ) ( A - Ao ) = RT [1-35]

w here v and t t  are  corrections fo r repulsion  and a ttrac tio n  between r  a
adsorbed  molecules and A takes in to  account the  fin ite  size.o

ln  the  o th er app roach , called the  2-D solution approach , the 

m onolayer is trea te d  as a  special two-dimensional phase th a t has the  

same composition as th e  bu lk  phase b u t has d iffe ren t concentrations 

because of surface adso rp tion . T he thermodynamic poten tial of 

component i a t the  in te rface  is e x p re ssed  by  the  B u tle r equation 

(67)

V.S -  U.OS + RT ln f .sX,s - ttA. [1-36]l i  i l l
in  which the  ac tiv ity  coefficient, f .s , rep resen ces  in te rac tions 

betw een adsorbed  molecules. The therm odynam ics of th e  model have 

been developed by Tolman (68) and  Defay (63). At thermodynamic
' J.

equilibrium  between bu lk  and su rface  p h ases , mole frac tions X. and 

X.S a re  re la ted  by  the  equation



The 2-D solution approach has been more widely used  to t r e a t  

soluble (69,70,71 ,72 ,73 ,74) and  insoluble monolayers (75,76,77) 

because i t  gives a more accu ra te  p ic tu re  of the  in terface than  th e  

2-D gas approach . R ecently  th e  thermodynamic charac teristics  and  

in teractions betw een su rfa c ta n ts  has been extensively  studied  by  

using  the  2-D solution approach  fo r mixed monolayers

(39 ,40 ,41 ,42 ,43 ,44 ,45 ,46 ,47 ,48 .49).

The qualitative in te rp re ta tio n  of experim ent data is  

sa tisfac to ry  using  bo th  of these  approaches.

I .B .4  In teraction  of S u rfac tan t Molecules in  Monolayers (78)

In a b inary  mixed monolayer th e re  is e x tra  free  en erg y , 

compared to th a t in an  ideal mixed monolayer, th a t comes from th e  

in teraction  betw een the  d iffe ren t su rfa c tan t molecules.

The potential en e rg y  of the  in terac tion  betw een the  molecules 

of su rfac tan t i and su rfa c tan t j is p „ . The to tal free  energy  in the  

monolayer for a m ixture of su rfa c tan t 1 and 2

Gs = 2py - YA

= ^ l l p l l  + ^22p 22 + ^12P12 ~ yA I1' 38! 
where Q.. is the  num ber of the  in te rac ting  molecular pa irs of

molecule i and j.

We assume th a t each molecule has b  in te rac tin g  neighbors in 

the monolayer. The num ber of molecule 1 and 2 a re  NnX^ and



NnXg, resp ec tiv e ly , w here n is the  total num ber of moles of 

su rfa c ta n t 1 and  2, N is A vogadro 's num ber, and  and X2 a re  the 

mole frac tions of su rfa c tan ts  1 and 2 in the  m onolayer. In the  2-D 

gas trea tm en t, X j + X2 = 1. The neighbors fo r each molecule are  

bX j of su rfa c tan t 1 and bX2 of su rfac tan t 2. The num ber of the 

in te rac ted  molecular pa irs  of su rfa c tan t 1 and 2 is

Q 12 = N n X jb X g  = N n b X jX 2 * [1-39]

Sim ilarly, fo r like molecules,

Qu  = 1/2 NnX1bX1 =1/2 N nbX ^

Q22 = 1/2 fonX2bX2 =1/2 NnbX22 [1-40]

w here th e  fac to r of 1/2 is necessary  to avoid counting each contact

tw ice.

T h ere fo re , the  monolayer free  en erg y , Gs , is

Gs = N nb/2 [ p ^ X j 2 + P22x 22 + 2P i2Xl X2] '  *A 

= N nb/2 [pn X1(l-X 2) + p 22X2( l-X 1) +

2pi2x i x 2] -YA

= N nb/2 (P ijX j + P22X2) +

N nb[p12 - (p 1]L + p ^ ^ J X ^  - YA [1-41]

T h a t means th a t th e  free  en erg y , Gs , is the  sum of two
id sterm s: an ideal monolayer free  energy  term , G ’ , and an ex tra

0V g
free  en erg y  term , G ’ , due to the  in teraction  betw een the  two 

d iffe ren t su rfa c tan t molecules,
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GeX,S = Nnb [p12- (p n  + p ^ J^ JX jX jj '

= n  3 X ^ 2

® 3 n ^ / n  11-43]

w here

3 = Nb [p12 - (p n  + p22)/2 ] [1-44]

3 is a param eter th a t re flec ts  the  in teraction  betw een the  two 

ty p es  of su rfac tan t molecules and is rela ted  to the  po ten tial energies 

of various molecule p a irs  ( p ^ ,  p^2 and p 22) and th e  num ber of 

in te rac tin g  neighbors ( b ) .

D ifferentiating [1-42] and [1-43] with re sp ec t to n^ and n 2, 

respec tive ly , we have

Vis = vid »s + p x 22

= v°s + RT ln X j + 3X22 - ZA 
V2S = nid ,S  + 3 Xx2

= V2OS + RT ln X2 + 3X22 - T5A2 [1-45]

, By using  the  re la tionsh ip

In f i  = 3(1 - Xx) 2 = 3X22

ln f 2 = 3Xx2 [1-46]

th e  Eq. [1-45] become
s _ os

V1 = V1 + RT 1x1 flX l  " *A1

y2s = v2° S + RT ln f2X2 " *A2 [I"47]
T hese thermodynamic equations are  ex tensively  used for 

b in a ry  m ixture system s.
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I .B .5  Solid Surfaces

T here  a re  many sim ilarities betw een th e  surface layer of a 

solid and th a t  of a liqu id , b u t a v e ry  im portant difference is  the 

immobility of the  su rface  molecules of a solid. This causes 

d ifficu lties in theoretical and  p rac tical s tud ies th a t re la te  to  the 

solid su rface .

I .B .5  - -  1 Surface F ree E nergy of a  Solid

The su rface  free  energy  or so-called free  energy  of surface 

form ation is the  work sp en t in the  creation of un it area of surface 

by  an isotherm al and rev e rsib le  p rocess. The formation of a fresh  

su rface  can be divided in to  two step s: exposing a new surface by 

cleaving a substance  and rea rran g in g  the  surface atoms o r  molecules 

to  the  equilibrium  position. In a liquid surface  the  partic les reach 

equilibrium  and a uniform , isotropic su rface  layer is formed in a 

v e ry  sh o rt time. The surface free  energy  ( also called the  surface 

tension  ) is defined (79)

» = (W /9A )T V r e v

= (8G /3A )T _p>rev 11-48]

and  th e  value can be d irec tly  m easured experim entally. But 

because of the  v e ry  long lifetime of a solid surface particle  (for 

in stance , 1032 sec. fo r tu n g s ten  a t room tem p era tu re )(80), it  is 

almost impossible to complete th e  second step  in  forming a solid 

su rface . T herefo re , we cannot calculate the  surface tension of a
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solid by  using  Eq. [1-48] and the  d irec t m easurem ent of a surface

tension  is not possible fo r an anisotropic solid su rface . However,

some reliable experim ental surface energy  values a re  available (81)

and theore tical calculations of surface  energ ies have been made fo r

th e  sim plest c rystalline  m etals. At room tem peratu re , the  surface

free  en erg y  of magnesium oxide is about 90% of th e  surface energy

th a t has been  determ ined experim entally by  Ju ra  and Garland (82).

The difference betw een Z and Z was f i r s t  emphasized bys sv
Bangham and  Razouk (83). Z^ is the  in terface  tension when the

solid su rface  is in  equilibrium  with the sa tu ra ted  vapor p re s su re .

T here fo re , th a t is re la ted  to the  surface free  en erg y , Z , bys
Z = Z - n [1-491sv  s s 1 1

in  which irs is the  p re s su re  of the  film th a t covers the solid 

su rfa c e .

Solid su rface  energy  is re la ted  to the  contact angle. Good

and  Girifalco (84) developed a semiempirical model to calculate the

solid su rface  en erg y  in a  vacuum, Z , u sin g  su rface  tension  ands
contact angle da ta . Y oung's equation has been w ritten  as

V Cos 6 = *s -  *sl •  *s  [ I - 5°1

An equation has been proposed,

*sl = *s * *lv - 2 * (» . V *  I1"51!
w here the  param eter, §, re p re se n ts  the  molecular in teractions a t the

in te rface  and Z is the surface free  energy  of the  solid in a s
vacuum .

Combining E qs. [1-50] and [1-51] and eliminating Jfgj, the
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solid surface  tension, Y , can be evaluated  from th e  followings
equation

Cos 0 = -1 + 2 «(»a /» lv ) 4 - lts /!flv 11-52]

Fowkes (85) suggested  th a t when th e re  a re  only London-

van d e r  Waals d ispersion  fo rces adross th e  so lid /liqu id  in te rface ,

Cos e = - i  * 2(arsd  - *s /« lv  . [1-53]
d dw here Yg and are  th e  con tribu tions of th e  d ispersion  forces to

the  solid surface  energy  and su rface  te n s io n ,. respec tive ly . 

Equation [1-53] is called "Good-Girifalco-Fowkes-Young" equation 

(86) .

Zisman and Fox (87,88) in troduced  ano ther im portant concept, 

the  critical surface tension , fo r w etting . T hey rep o rte d  a

linear rela tionship  betw een the  cosine of advanced  contact angle of a 

homologous series of organic liquids on a low -su rface-energy  solid 

and th e ir  surface tensions. The function is

Cos 0 = 1 - b(2fly - Jfc ) [1-54]

w here is called the  critica l su rface  tension  fo r w etting . I t  is the 

surface tension  of a liquid which ju s t  w ets th e  solid ( 0 = 0 ) .  The 

critical surface tension is a usefu l param eter th a t re p re se n ts  the 

w etting behavior of a solid. In fac t, th e  c ritica l su rface  tension 

depends on th e  se ries of liqu ids u sed , and  any  in te rac tion  between 

the  solid and the  liquids would a lte r  the  value of Yc (89). Usually 

the  values of 18 and 24 mN/m a re  adopted  fo r su rfaces consisting  of 

-C F2- and -CH3- g roups, resp ec tiv e ly  (90).
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For the case of u sing  nonpolar liqu ids on a  low -surface- 

en erg y  solid such as th a t used  by  Zisman, th e  assum ptions of 2̂ v  = 

and ng = 0 in Eq. [1-53] a re  reasonable  and  a t 0 = 0, gives

*c = Js d  t1' 5 5 '
dFowkes has verified  th a t X ag rees  well w ith Z experim entallys c

(85).

I .B .5  --  2 Nonideal Solid Surfaces (91,92)

In p ractical cases i t  is not possible to  find  a  clean, smooth, 

homogeneous, rig id , isotropic solid su rface . Because of the 

nonidealities of solid su rfaces, th e  s tu d y  of th e  so lid /liquid  in terface 

is more difficult than  th a t of the  liq u id /v ap o r and  liquid /liquid  

in te rfac es .

At the molecular level, the  heterogeneities of a solid surface 

a re  shown simply in F igure I - -2 . On th e  heterogeneous solid

surface the  adatom is su rro u n d ed  by  the  sm allest num ber of nearest 

neighbors and atoms in a te rrace  by  the  la rg e s t num ber of nearest 

ne ighbors. Atoms in k ink  sites have less n e a re s t neighbors than  

th a t  a t step  sites . Atoms in d iffe ren t ty p es  of surface sites have 

d ifferen t energies th a t a re  increased  w ith decrease  in  the num ber of 

n e a res t neighbors. T herefo re , the  heterogeneous solid surface is a 

nonuniform energy  su rface . A nother cause of he terogeneity  on a 

solid surface is dislocations. The motion of partic le  ( or partic les ) 

in the  c ry sta l surface causes th e  poin t d e fec ts , edge dislocations
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and screw dislocations th a t a re  h igh e n e rg y  regions on a solid 

su rface .

■Terrace

Adatom

Kink

F igure  1—2

T here always is a lay e r of atoms o r molecules adsorbed  on a 

"naked" solid su rface . I t  is in general impossible to get a clean 

solid surface excep t in a vacuum . In some cases the  p ro p erties  of 

the  solid su rface  a re  trem endously  changed by contaminantion by 

adsorbed molecules. I t is w orth m entioning th a t the  polar 

contaminants on a nonpolar solid su rface  extrem ely influence the  

stud ies of hydrogen-bond ing  liqu id /so lid  system s.

ln  comparison to microscale he te rogeneities , macroscale 

roughness has even more e ffect on contact angles and is described  

by  a param eter, r ,  called the  ro u g h n ess ra tio

w here Atru e

J» S A  / A
tru e  ap p aren t 

is th e  rea l a rea  of solid su rface  and  Aapparen t

[1-56]

is the
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experim ental a re a . The contact angle 8 on a smooth solid surface 

and  the  average angle 01 on a rough  surface a re  re la ted  to the  

roughness ra tio , r ,  by  Wenzel (93) as

Equation [1-57] shows th a t th e  roughness increases the  

contact angle if th e  contact angle 6 is  g re a te r  th an  90° on the  

smooth surface  and decreases the  contact angle if 6 is less th an  90° 

on the  smooth su rface .

D istortion and  swelling of a solid a re  also possible deviations

from the  ideality  of a solid su rface  (91).

I .B .6  C ontact Angles on Rigid Solid Surfaces

I .B .6  --  1 The Thermo dynamic Equation fo r Contact Angle

A liquid  on a  solid su rface  may sp read  completely over the  

su rface  o r, in  most cases, may remain as a d rop . The angle 

betw een th e  liqu id /so lid  in te rface  and the  tan g en t plane of the  

liqu id /vapo r in terface a t th e  th ree -p h ase  line is called the  contact 

angle. From Figure I --3 , the  free  energy  change (AGS) of the  

su rface  and the  a rea  change (AA) of the  solid su rface  covered by 

the  liquid are  re la ted  by  th e  relation:

Cos 8' = r  Cos 0 [1-57]

\

[1-58]
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Liquid

F igure I --3

When equilibrium  is reached , we have

LimAA-»0 AG}S/AA = 0 f1 -5 9 }

and

Z - Z . + Z. •Cos B [1-GO]sv si lv 1 J
which is known as Y oung's equation (34).

The term  tf^CosB, called the  "adhesion tension", su g g ested  by 

F reundlich  (94) ( an a lte rn a tiv e  name is "w etting tension", Wgja ) is 

given by

W ,a = Z. *Cos 8 = 7 - Z , [1-61]si lv sv si 1 1

The equation [1-60] is the  most fundam ental equation  fo r the  

trea tm en t of contact angle da ta  and is in general accep tance.

I .B .6  --  2 M easurement of C ontact Angles

V arious techn iques have been used fo r m easuring contact 

angles on a flat p la te . G enerally , th e re  a re  two d is tin c t m ethods: 

d irec t and in d irec t.
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M easuring the  contact angle d irec tly  fo r a sessile  drop  of 

liquid on a fla t solid p la te  is the  most convenient and  widely used  

techn ique. Zisman and colleagues (95) f i r s t  u sed  the  method to 

m easure the  contact angle d irec tly  th rough  a telescope equipped 

w ith a goniometer. As th e  method became more and  more popular, 

severa l k inds of commercial instrum ents fo r m easuring the  contact 

angle d irec tly  became available. The contact angle of a sessile  

liquid  drop  on a fla t p late  is now usually  determ ined e ith e r  by  use  

of a telescope fitted  w ith a goniometer eyepiece or by  pho tographing  

the  angle and then  m easuring it  a t le isu re .

T he method is fa irly  accura te  and  accuracy  of ± 2° is 

commonly claimed. But a 5° d iscrepancy  betw een d iffe ren t 

labora to ries using  th is  method has also been rep o rte d . T his may be 

caused by  system atic e r ro rs , such as su rface  s tru c tu re  d ifferences 

betw een th e  same kind  of solid, disagreem ent betw een o p era to rs , 

and  optical illusion. Usually the  polymer su rface  c rea ted  in contact 

with a ir  is homogeneous and  smooth enough to yield w ell-defined 

contact angle values. Po ly tetrafluoroethylene (Teflon) was 

suggested  as a  sa tis fac to ry  stan d ard  m aterial by  Newman and  Good 

(96).

A se lf-tra in in g  method was developed by  Good (96) to  check 

the  goniometer read ings against the  contact angle values calculated 

from linear dimensions fo r spherical liquid  d ro p le ts . The contact 

angle 0 can be obtained from the  dimensions of the  d rop le t by  using  

the  equation
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tan  0/2 = 2 h /b  [1-62]

w here h is a height of th e  d rop le t and  b is the  chord of the

segm ent of the  drop th a t both can be obtained  from the fine 

adjustm ent knobs of the  in strum en t o r m easured from a photograph 

of th e  d rop let. When th e  tra in in g  m ethod is employed, th e  e rro rs  

due to the  opera to rs and optical illusion can be eliminated and the  

rep roducib lity  of contact angle data  ob tained  d irec tly  from sessile 

d rops may be b e tte r  th an  ± 1 .0° (97).

If v e ry  high accuracy  is not re q u ire d , th e  d irec t m easuring of 

the  contact angle from a sessile  drop  is one of the  b est and most 

convenient method. The advan tages a re  req u irin g  only v e ry  small 

quan tities of liquid and only a few sq u are  millimeters of solid 

surface  for the  contact angle m easuring.

The Wilhelmy slide technique and capillary  r ise  method are  

also used  to obtain contact angles on fla t solid p la tes . The value of 

the  contact angle can be calculated from th e  su rface  tension and the

perim eter of the  plate o r th e  he igh t of cap illary  r ise  in the  m ethods.

Usually, it is easy  to obtain  h ighly  accu ra te  values of th e  surface 

tension . T herefo re , the  accuracy  and rep ro d u c ib lity  of the  methods 

a re  limited only by, the  m easuring of th e  p la te  perim eter o r the 

capillary rise  he igh t. I t is no t d ifficu lt to  g e t accura te  values. 

G enerally, an u n certa in ty  of a few te n th  of a deg ree  was claimed for 

these  m ethods, b e tte r  th an  fo r the  d irec t m ethod. The Wilhelmy 

method using an electrobalance and a u to -re c o rd e r  can conveniently
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stu d y  the change of contact angle w ith time. The capillary  rise  

method with a tem pera tu re  contro l system  is p a rticu la rly  suitable for 

th e  measurement of the  tem pera tu re  dependence of contact angles. 

The popular acceptance of the  ind irec t method is limited by  the

requirem ents fo r a la rg e , smooth fla t sample of solid and  a large

volume of liquid .

I .B .6  --  3 F acto rs A ffecting th e  Contact Angle

All liquids th a t form nonzero contact angles may show 

h y ste res is  on practically  all solid su rfaces . The rep roducib lity  of 

th e  contact angle data  is d irec tly  limited by  th e  h y s te re s is .

The h y s te res is  (H) in the  contact angle is defined as the 

difference betw een the  advancing  (0 ) and  reced ing  (0 ) contact
a 1*

angles

H = 0a - 0r  [1-63]

The major causes of h y s te re s is  a re  contamination of e ith e r the  liquid 

o r the  solid su rface , ro u g h n ess  of solid su rface , and  surface

immobility on a macromolecular scale (98). For the  best 

reproducib le  contact angle, the  fac to rs causing  h y s te re s is  should be 

limited as m\ich as possib le . Some experim ental re su lts  show th a t 

th e re  is no contact angle h y s te re s is  when a p u re  liquid is placed on 

a p u re  and smooth solid su rface  (99).

Advancing contact angle (0 ) has been much more popular and 

is used  more often than  reced ing  contact angle because th e  receding
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angle is  more sensitive  to  surface  roughness and data  on advancing 

angles a re  more rep roducib le .

Since 1936, a f te r  M ark's investigations (100), it  has been 

known experim entally th a t  the  contact angle is a function  of drop 

size when the  contact angle of a liquid is m easured on a solid 

surface by the  sessile drop  method. However, the  e ffect has not 

been sa tisfac to rily  explained up to  the  p re se n t. Leja and  Poling 

(101) suggested  th a t th e  size dependence was due to  gravitational 

e ffec ts . U nfortunately , th ey  used  a poor approxim ation to  explain 

the  phenomenon th a t the  sessile d rop  in contact with a solid surface 

was trea te d  as a spherica l cap. O ther investigato rs concluded th a t 

g rav itation  could not account fo r the  drop size dependence.

An a lterna tive  explanation th a t a linear tension , t ,  was 

involved in the  e ffect was suggested  by  Good and Koo (97). They 

observed  th a t the  contact angle (advancing and reced ing) increases 

w ith increase  in  the  drop size below a critical diam eter th a t was a 

function of the  nonuniform ity of a solid surface ( fo r example, the 

diam eter is 3 mm for the  advancing  contact angle on Teflon ) .  The 

re levan t modification of Y oung's equation is

3Tlv Cos0 = 3Tsv - Ysl - t / r  [1-64]

where r  is the  rad iu s of the  sessile  d rop . The equation was f ir s t  

suggested  w ithout proof by  Pethica (102). C orresponding to  the  

effect of contact angle increasing  w ith increase of d rop  size the  

linear tension would have a negative  value. T his is in  contradiction



w ith th e  experim ental and  theoretical indication th a t linear tension

should be small and positive . Pethica pointed out th a t the  linear

tension  will have no m easurable influence fo r macroscopic sessile
-5drop  because t  is about 10 o rd e r compare with and it  is

neglig ible. The explanations of increasing  h y s te re s is  and the  

p resence  of polar im purities on the  solid surface  were also cited . 

Obviously fu r th e r  s tu d y  of th is  problem is needed.

In o rd e r to avoid the  influence of drop size on the 

experim ental re s u lts , the  same size d rops should be employed for 

ge tting  b est rep roducib lity  of contact angle data .

T h at tem pera tu re  does not have v e ry  g rea t effect on contact

angle was confirmed by  most investiga to rs using various solid

su rfaces and  d iffe ren t organic liqu ids o r solutions. Experim ental

re su lts  show th a t the  value of d0 /dT  is less th an  - 0 .1  deg /°C  in

most cases (98). T hat may be because tem perature  change does not

effect th e  value of Z v e ry  much and has similar effect on Z. andsv lv
But in  some so lid /liqu id /liqu id  system s the  changes due to 

tem pera tu re  a re  ra th e r  large  compared to  th a t  fo r so lid /liqu id /vapor 

system s (103).
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CHAPTER II 

THEORY

II.A  Synergism  in B inary  M ixtures of S u rfac tan ts

II .A . 1 Basic Equations

Based upon th e  2-dimensional gas approach , th e  mixed 

monolayer can be considered as a m ixture th a t is composed only of 

th e  d iffe ren t su rfa c ta n ts . The chemical po ten tial, y xs , of su rfa c tan t 

1 a t th e  in te rface  can be w ritten  (104,105)

ViS = Vi**5 + RT In f j SX - YAX [I I - l]

w here y x is the  chemical po ten tial of su rfa c tan t 1 on th e  in terface  

a t a hypothetical s tan d ard  s ta te  defined as a monolayer of p u re  

su rfa c ta n t 1; X is th e  mole frac tion  of su rfa c tan t 1 in the  to ta l 

su rfa c tan t in the  mixed monolayer, f i S its ac tiv ity  coefficient and  A x 

its  p a rtia l molar in terfac ia l a rea  th e re ; and  Y is th e  in terfacia l 

tension .
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The chemical po ten tial, yx , of su rfa c ta n t 1 in the  bulk  phase 

of the  mixed solution of su rfa c tan ts  can be e x p re ssed  as

P ib = Vi°b + RT In C j f ^  [II-2]
obwhere y x is the  chemical poten tial of su rfa c tan t 1 a t a s tan d a rd  

sta te  defined as a 1 mole solution, b u t behaving  ideally; fj is the  

activ ity  coefficient of su rfa c tan t 1 in the  solution and C x its  molar 

concentra tion .

s bAt equilibrium , yx = y x and , from E qs. [ I I - l]  and  [II-2]

ViKs - Vi°'° = RT In C i f j / C f ^ X )  + 2fAx [II-3]

For a solution containing only su rfa c tan t 1

v>,oS = - r A x°  [ n . 4J

where A x° is the  molar in terfac ia l a rea  occupied by su rfa c ta n t 1 

from solution of p u re  su rfa c ta n t 1. In th e  bulk  phase of the

solution of p u re  su rfa c tan t 1,

Vi ,ob = Vi°b + RT In C ^ 0 [II-5]

w here C x° is th e  molar concentration  of p u re  su rfa c tan t 1 and  f x°. 

its  activ ity  coefficient.

s bAt equilibrium , V i , 0 = Vi,o and from E q .s  [II“4] and

[H-5J,

y aHs - y x°b = RT In C ^ f i 0 + YAj° [II-6]

Combining Eqs. [IJ-3] and  f I I -6 ] ,

R T l n  f ^ X c / f  0 = V ( A ° - A , )  [II-7]

When the  concentrations of su rfa c ta n ts  in th e  bu lk  phase a re
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low, f j  K f i ° ,  and Eq. [II-7] reduces to

y ( A i ° - A 1) fII-8]
RT

In a similar fashion , we obtain fo r su rfa c tan t 2 in the  m ixture 

I n f s = i n — — --------- . l i ^ 2° l  A 2  ̂ [ii-9 ]
2 (1 -  X)C2°  RT

The ac tiv ity  cceffic ien ts, f i S and f 2s , may be ob tained , from 

the  second term  of the  M argules expansion approxim ations ( the 

f i r s t  term  being equal to zero ) (106):

In faS = 0°(1 - X )2 [11-10]

In f 2s = 0°X2 [11-11] '

w here 0° is a m easure of the  deviation of the  m ixture from ideality

and re la ted  to th e  molecular in te rac tions betw een su rfa c ta n ts  1 and

2 in the  mixed monolayer a t the  in te rface . From E qs. [II-8] and 

[11-10], and E qs. [II-9] and [11-11],

(3(1 -  x r =  In Cl _  v C A ^ - A i) [11-12]
XC,° RT

and

p V = l n — £ 2 —  .  V<A2 - f e l  (n -13)
( t - X ) C , 0  RT

Let



39

and

y (A 2° “ A 2)
B2 =

2 RT

T hus,

P(1 -  X)2 = - B )  [Il-12a]

15X2=111 (1 -X )C 20 - B’ [II-13a]

From th ese ,

i

( I  -  X)2 I l n  £ 2 ------------B , ]  | n ' 141
C O ( l - X )  2

I I .A .2 Synergism  in In te rfac ia l Tension R eduction Efficiency

The efficiency of in te rfac ia l tension reduction  by  su rfac tan ts  

in a solution of mixed su rfa c ta n ts  can be defined as the  total 

su rfac tan t concentra tion  re q u ire d  to  produce a given in terfacial 

tension (re d u c tio n ). Synergism  in th is  re sp e c t ex is ts  in a 

su rfac tan t m ixture when a given in terfac ia l tension  (reduction) can 

be a ttained  a t a to tal mixed su rfa c tan t concentra tion  lower than  th a t 

req u ired  of any  components of the  m ix ture, i . e . ,  fo r solutions 

containing two su rfa c ta n ts , < C a° , C2° .

From Eq. [II-12a] and  C j = aC^, w here a is the  molar fraction 

of su rfac tan t 1 in the  to ta l su rfa c ta n t concen tra tion ,
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ocCt . d

= e xp  [ p (1 -  X)2 + b , ] [11- 15]

From Eq. [11-15], one condition fo r synergism  is , th e re fo re :

- ^  > exp  [ ptf(1 -  X)2 + B,  ] [11-16]

When synergism  e x is ts , tlie re  will also be a minimum in the 

v e rsu s  a cu rve  a t maximum synergism . The maximum synergism  in 

th is  re sp e c t is w here the  lowest to ta l concentration  of mixed 

su rfa c ta n t is req u ire d  to  a tta in  a given in terfacia l tension 

(red u c tio n ). T his will be obtained when, m athematically,

"£t = o
d a

From Eq. [11-15],

ln  - ln Cx°

= ln X - ln  a + 3°(1 - X )2 + B j [11-17]

D ifferen tia ting  Eq. [11-17] w ith re sp ec t to  o,

Since is no t zero , .then

or
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dX X tig  J [11-18]
dot * oc*[ l  -  2 px*( 1  - X * ) ]

>i=
where a is the  mole frac tion  of su rfa c tan t 1 in the  to ta l su rfa c tan t 

in the  solution phase a t th e  po in t of maximum synergism  and X its  

mole fraction  in the  mixed m onolayer a t the  in terface.

From Eq. [II-13a] and C2 = C^(l - a ),

ln Ct  = ln (1 - X) - In (1 - a) +

. ln  C2°  + p°X2 + B2 [11-19]

D ifferen tia ting  Eq. [11-19] w ith resp ec t to o,

1 dC< - 1  dX i , „„tfdX , d B 2
doc O  " X) dOC O  ~ CC ) doc d oc

At the  poin t of maximum synergism , i . e . ,  when dCt /d o  = 0,

dx ( 1 - X » ) [ l  + ( 1 - a » ) f f i  

doc ” (1 -  oc*)[1 -  2 p x * (  1 - X * ) ]
[11-20]

Here

dBj  _ _d_ r  Y f A ^ - A i )  1 
doc " docL RT J

l g ? c - d _ r Y (A 2°"A 2 ) l  
doc d o c L RT J

At constan t Y, A i°  and  A2°  a re  co n stan ts , thus 
dBi  _ -  Y /  d A i  v 

doc = RT doc '
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and

dB2
dot RI a Ot

At the  point of maximum synergism ,

and

T here fo re , combining E qs. [TV-18] and [11-20], we have

[11- 21]

indicating  th a t a t the  point of maximum synergism  in th is  re sp e c t, 

th e  mole frac tion  of e ith e r  su rfa c ta n t in th e  to ta l su rfac tan t a t the  

m onolayer equals its  mole frac tion  in the  to ta l su rfa c tan t in the  

solution phase .

Combining E qs. [11-21] and [11-16], knowing th a t (1 -

X) 2 > 0 ,  A i° > A 1 and A2° > A2, we obtain the  re su lt th a t ,  for

synergism  to ex is t, 6° m ust be negative .

S u b trac ting  Eq. [II-13a] from Eq. [II-12a] and su b s titu tin g

the  re la tionsh ip s, C x = aC^ and C2 = (1 - o)Ct , we obtain

*  (1 -  X)C2°  
( l -OtJXCjO

= e xp  I P * !  -  2X) + (B j -  b 2) ]
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At maximum synergism , X = a , and

l n ^  = p*(l - 2 X * ) M B, -  8 2 ) 111-22)
2

Since |1 - 2X| < 1 ( i .e . ,  0 < X < 1), we obtain  a second 

condition for synergism  in th is  respec t:

I In (CS/C,0) * (B* - B *)| < |e ° |

From Eq. [11-22],
p 0

« ,* - X -  C2° 1 2 [11-23]
2 [3d

S u b stitu tin g  Eq. [11-23] into Eq. [II-12a],

t) Cl°
o f t P- 1 n r 3 ,

C<,min = C1 eXP I ------------- 4 $ --------------—  + B l }  H I-24]

w here C, is th e  minimum to tal mixed su rfac tan t concentra tion  in t,m in
th e  solution phase req u ire d  to produce a given value of 7.

If  su rfa c tan t 1 re p re se n ts  the more in te rfac ia l-ac tive  

component, th en  th e  lim iting condition for synergism  in th is  re sp ec t 

is  when

C. ,. = C l°t ,lu n  1
S u b stitu tin g  th is  and  C, = Ĉ . ^  into Eq. [ I l-1 2 a ] ,

“lim = Xlim e*P ' Xlim>’ + [11-25]

w here is th e  limiting (minimum) mole fraction  of su rfa c ta n t 1 in

th e  solution phase a t which synergism  ex is ts  and its  mole

frac tion  a t the  in te rface  monolayer.
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In troducing  ^  =

[11-25] into Eq. [II-1 3 a], we obtain:

, and  Eq.

or

c V e x p ( p y im -  B2 ) 11-26]

Eq. [11-26] can be solved num erically "or when Ci°, C2°
and 3° are  known. X.. is in troduced  into Eq. [11-25] to yield

I I .A .3 Two Assum ptions fo r  the  Molar A rea of S u rfac tan t in 

th e  Mixture

Two d iffe ren t trea tm en ts can be used  to calculate surface  mole

su rfa c tan t molecules in mixed in te rfac ia l m onolayers. One treatm ent, 

which we shall designate trea tm en t "E", is based  upon the  

assum ption th a t the  average  molar a rea  of su rfa c tan t in the  mixed 

system  is not significantly  d iffe ren t from th a t in the  individual 

solutions. The second trea tm en t, which was used  on system s w here 

it was known th a t molar a reas  in th e  mixed system  are  considerably  

d iffe ren t from those in the  indiv idual solutions (30), and which we 

designate  treatm ent "It", is based  upon the  assum ption th a t the 

ra tio  of the  molar a reas of th e  two su rfa c tan ts  in the  mixed

frac tions (X) and  in terac tion  param eters (3°) betw een d ifferen t



monolayer is equal to th a t in the  individual m onolayers.

45

If the  assum ption is made th a t the  area  occupied by a mole of 

su rfac tan t in the  mixed monolayer of the  m ixture is not significantly  

d ifferen t from th a t in a monolayer of the individual su rfac tan t, i . e . ,

Ai « A ,0

and

A2 = A2°

then

Bj = B2 = 0
\

Eqs. [11-12] and [11-14] then  become
Cl

d ln xTF" A.fr1 -  [11-27]
( 1 -  X ) 2

and

X2 X C t®

~  C2 = 1 <n - 28J
( 1  -  X ) c 2°

oEq. [11-28] can be solved num erically for X when C x, C2, C x 

and C2° a re  known from experim ental da ta . S ubstitu ting  X' and the 

re levan t experim ental quan tities into Eq. [11-27] perm its the 

evaluation of B°, the  param eter re la ted  to molecular in teractions 

betw een the  two su rfa c ta n ts  in th e  m onolayer.

The minimum to ta l mixed su rfa c tan t concentration to produce a 

given in terfac ia l tension , can be obtained from
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[11-29]

The limiting mole frac tion  of su rfa c tan t 1 in the  solution phase 

and its  mole fraction  at th e  in terface  monolayer can be calculated 

from

E qs. [27] and [28], which we have designated  treatm ent "E ", 

have been ex tensively  used  fo r nonionic-nonionic, nonionic-ionic, 

nonion. c-beta ine  and betaine-ionic m ixture system s 

(24 ,25 ,26 ,27 ,28 ,29 ).

If in s tead , th e  assum ption is made th a t  the  ra tio  of th e  partia l 

molar a reas  of th e  two su rfa c tan ts  in th e  mixed monolayer equals the 

ratio  of th e  molar a reas  of th e  two individual su rfac tan ts  a t the 

same in te rfac ia l tension , i . e . ,

A t _ A,0
[ n - 321

Equation [11-32] implies th a t A x is same frac tion , k , of A x0 , 

due to  reduc tion  of the  repu lsion  betw een th e  ionic head groups and 

th a t A 2 is th is  same frac tion  of A2° , because of the  mutual 

neu tra lization  of charge by the  opposite ly -charged  head g roups in 

the  mixed film. T hat is A x = kA j° and A2 = kA2° .

[11-30]

and

[11-31]
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We have th e  re la tionsh ip ,

XAj + (1 - X)A2 = Aay .

From Eqs. [11-32] and  [11-33],

A  Ai°

1_ XAjO+Cl  -  X)A20

and

_ AayAg^______

A 2 = XAj0* (1 -  X)A

From th ese ,

o f ,  __________   I
3 = Y ( A i° - A Q  _ VA l  L1"  X A t ^ d  - X ) A 20 J

' "  RT RT

and

B , =
V (A ,° -  A ,)

‘OV

RT

. o r , ________
v A l  1 XAi°+(1 -  X)A2°

RT

Eqs. [11-12] and [11-34] then  become:

i -  Cl V A /*  r A ay__________

R C,QX ~ RT 1 XA, Q+(  1 - X ) A 2° 

' "  C l  - X ) 2

and

[11-33]

[11-34]

[11-35]

[11-36]



In Cl r _______Aav________  -J
x 2 Ci°X '  RT l ' ~  XA, °  • * • ( ! -  X)A2 °

( 1 - X ) 2 ln  C2 y A 2° r , Aev_________ -1
c 2°(1 - X )  RT L X A j 0 + (1 - X ) A 2° J

Since C j0 , A i° , C2° , A2° , C 1( C2 and Afiv can be obtained 

from- experim ental d a ta , the  mole frac tion  of su rfa c tan t 1 a t the  

in terfacial m onolayer, X, can be solved num erically from Eq. 

[11-37]. S u b s titu tin g  X in to  Eq. [11-36], the  in teraction  param eter, 

(5°, can be ob tained .

Since B x and B 2 can be calculated from E qs. [11-34] and

[11-35] based  upon experim ental da ta , Eqs. [11-24], [11-26] and

[11-25] can l*e solved fo r C. , X.. and a.. .t ,lim ’ Lim lim

It is s.pparent from a comparison of Eqs. [11-27], [11-28]

with Eqs. [11-36], [11-37] th a t as the  q u an tity ,

1 - Aav/[X A i°  + (1 - X)A2° ] , which we shall call th e  "packing

deviation fac to r" , d ec reases , the  two se ts  of equations become more 

and more sim ilar and  th a t  when the  quan tity  equals zero , th e  two 

se ts  of equations a re  th e  same. When the  "packing deviation factor" 

is positive , th en  3°^  will be more negative  then  3°^.; when it is 

negative , th en  will be more positive than  3°£. The d ifference 

betw een 3°£ and 3 °^  should also decrease  with ^decrease in the  

value of 2f.

In b in a ry  su rfa c ta n t m ixture system s containing swamping 

excesses of e lec tro ly te  w ith common ions, the  su rface  excess 

concentrations of su rfa c ta n t 1 and 2, r 2 and T2, resp ec tiv e ly , a re

48

1 [H-37]
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given by  the  H utchinson method (107)

-  1 /  6  V \  
rn-38]

and

2 ‘  RT ' 6 l n  C2 ■'Ci [11-39]

where Y is the  in terfac ia l tension of the  mixed su rfac tan t solution, 

and C x and C2 are  the  molar concentrations of su rfa c tan t 1 and 2. 

The mole frac tions of ju rfac tan ts  1 and 2 in th e  in terfac ia l 

monolayer a re  re la ted  to th e ir  re la tive  adsorp tions by the  

exp ressions:

X ,=  T - J ? -  and x2 = - ^  [11-40]

T his perm its comparison of X values, obtained by th is  method, 

with those obtained by trea tm en ts "E" and " I t" .

I I .A .4 Synergism  in  S/L In terfac ia l Tension Reduction 

Efficiency

For a hydrophobic (low -energy-surface) solid, Ygv may be 

considered to be constan t w ith change in the  concentration of 

su rfac tan t in the  aqueous phase . From Y oung's equation ,

*sl = *sv '  *ivCos8 t II_41l
the  su rfa c tan t solution a t the  same value of Y, Cos0 will have thelv
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same value of 2fgj and  can consequently  be u sed  to  evaluate the 

quan tities in  Eq. [11-37]. Cx°, Ax°, C2° , A2° , Cx, C2 and AoV
can be obtained from plo ts of Jf^CosG v e rsu s  log C .̂, the  to ta l molar 

concentration of su rfac tan t in th e  solution phase , fo r the  two pu re  

su rfac tan ts  and th e ir  m ixtures b y  selecting values a t the  same 

Yjv Cos0 p ro d u ct in all cases.

fo r a low -energy-surface  solid can be evaluated  from Eq.

[11-41] by assum ing th a t Z can be approxim ated by Z , thesv  c
critical surface tension (90). T his perm its Eq. [11-37] to be 

solved num erically fo r X, the  mole fraction  of su rfa c tan t 1 in the 

S /L  in terfacia l monolayer.

S ubstitu ting  X and the  re levan t experim ental quan tities into 

Eq. [11-36] perm its the  evaluation of 3°sp  the  param eter re la ted  to 

molecular in teractions betw een th e  two su rfa c tan ts  in the  S/L 

in terfacia l monolayer.

Synergism  in S /L  in terfacia l tension reduction  efficiency ex ists 

in a solution of mixed su rfac tan ts  in contact w ith a solid when a 

given S/L  in terfacia l tension (reduction) can be obtained a t a total 

mixed su rfac tan t concentration in the  solution phase lower than  th a t 

requ ired  of any  component of the  m ix ture. Since fo r a hydrophobic 

(low -energy-surface) solid, it can be assum ed th a t 2fgv is a 

constan t, from Y oung's equation, Eq. [11-41], the  value of JC^CosG, 

the  "adhesion tension", determ ines the  value of ?fgj. Synergism  in 

S/L  in terfacial tension reduction  efficiency will th e re fo re  be p resen t
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in the  system  if it can a tta in  a given value of Y^CosB a t a  total 

su rfac tan t concentration lower th an  th a t  req u ire d  of e ith er 

component of the  m ixture, i . e . ,  fo r solutions containing two 

su rfa c tan t, Ĉ . < Cx°, C2° .

Ct  mjn is the  minimum to tal mixed su rfa c ta n t concentration in 

th e  solution phase to produce a given value of Yj, CosB. Since, for 

hydrophobic (low -energy-su rface), Ct  min is also th e  minimum mixed 

su rfac tan t concentration req u ired  to produce a  g iv en .S /L  interfacial 

tension , it can be calculate^ from Eq. [11-24]. Similarly is

the  limiting (minimum) mole fraction  of su rfa c ta n t 1 in  th e  solution 

phase a t which synergism  ex is ts  and its  mole frac tion  in  the

S/L  in terfac ia l monolayer. and  can be ob tained  from Eqs.

[11-25] and [11-26].
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The two-dimensional solution approach has been used  more 

extensively  than  the  2-D gas approach to  t re a t  many surface 

phenomena and to s tu d y  theoretically  (41,71,108) because i t  is a 

more accura te  p ic tu re  of the  in te rface . In  the  2-D solution'

approach the  chemical poten tial of component i a t th e  in terface  can 

be exp ressed  by th e  equation (67)

Vis = v°S + RT ln  f jS X'* + it [11-42]
OSw here y. is the s tan d a rd  chemical potential of component i a t S/L 

In terface w ith s tan d a rd  s ta te  defined as a p u re  component i, X'^s is 

mole fraction  of the  component i in the  total su rfa c tan t and  solvent 

in the  surface layer, f^s its  activ ity  coefficient, it is the  in terfacial 

p re s su re  and A. is the  p a rtia l mole area  of component i a t the  

in te rfac e .

In the  bulk phase

vib = vi°b + RT 1x1 fib X'i* [H-43]
obwhere the  ŷ  is the  chemical potential of the  p u re  i 'th  species in

b bthe  bulk phase, fj and X'j a re  the  activ ity  coefficient and mole 

fraction  of su rfac tan t i in the  bulk  phase.

The thermodynamic condition a t equilibrium  betw een the

in terfacia l phase and the  bulk  phase is
s _ b 

- yi
From Eqs. [11-42] and [11-43],
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The s tan d ard  free  en erg y  of adsorp tion  of i 'th  component a t 

infinite dilution is
. a, o _ os ob rTTAG. = y. . - y. [11-45]

And the  e x tra  free  en erg y  of adso rp tion  a t a given in terfacial 

p re ssu re  due to the  in te rac tions betw een the  components and re la ted  

to the  activ ity  coefficients is

AG.E = R T ln-fr- [I1'46)

b sAt infinite dilution the  activ ity  coefficients (f. , f. ) a re  un ity  

and the  surface p re s su re  ( i t )  tends to zero . The e x tra  free  energy  

of adsorption  is zero . T he s tan d ard  free  en erg y  of adsorp tion  is 

re la ted  to the  d is trib u tio n  coefficient (a.) a t infin ite  dilution (75) 

i .e .

A G.° = RT Lim nLn X '.b / X \ s1 T+0 1 1
= RT ln  a , ^

From Eqs. [11-44], [11-45] and [11-46], th e  free  en erg y  of

adsorption  of th e  i’th  component a t a given in terfacia l p re s su re  is:

AG. = AG,° + AG.E 
i i l
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T hus the  mole frac tion  of the  component i a t the  in terface is 

re la ted  to the free  en erg y  of adsorp tion  by the  exp ression :

X> = X!b e x p — -Gi ~  n A i  [H-48]
1 1 RT

The G ibbs' su rface  is chosen as the in te rface  w here the  

surface excess of solvent (  ̂  ̂ *s equal to zero . T herefore

the free  energy  of adsorp tion  of w ater in the  aqueous solution is 

almost zero (109). A ccording to the  same idea, the  area p e r 

molecule of w ater in the  in te rface  is 9 .7  A02 (molar area  of w ater =

58.2 x 103 m2) , based on the  molecular dimensions of bulk w ater.

The mole frac tion  of w ater a t in te rface  is re la ted  to the mole 

fraction  of w ater in bulk  phase (X' jj q ) and surface  p re ssu re  

th ro u g h  equation:

x ?  „ = X j  „ e x p  - « * 5 8 . 2 x  10* [11-49]
2 2 RT

Since the G ibbs' su rface  is an e lec troneu tra l su rface , only 

electroneu tra l combinations can be considered . From Eq. [11-47], 

the  free  energy  of adso rp tion  of any  e lectroneu tra l combination 

should be ex p ressed :

•b w *bX V
AGy = RT I n —;— - f -  - n A ,  

J v s  v s 'J
[11-50]

V  Xj

At the  in te rface  of an indiv idual cationic (R +Y ) o r anionic



(R M+) su rfac tan t solution:

X' 5 + X ,S + V ,S s  1
h 2o  a  r + a  y - 1

or
r | S  v « S  V ' ®

X H .0  * X R- * X M* = 1 ' n - 51l

Following the  e lec tro n eu tra lity  condition of th e  in te rface , we

h a v e :

-  1 ~ XH20
R+ o

_ 1 “ XH20
R- o  [11-52]

Using the  G ibbs’ adsorp tion  theorem , the partia l mole surface 

a rea  of cationic o r anionic su rfa c tan t can be obtained from 

experim ental data  as follows:

r ( R - Y - )  = J ------------
nRT d In y - ]

or

1 - d yr  ( R " M 4 ) =
nRT d In i*!-4)

where or r^ - j^ + ^  a re  su rface  excess concentration of R+Y

or R M+ p a irs  and  coefficient n  is 1 o r 2 in p resence o r absence of 

added excess inorganic sa lt.
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or

A d r r t M s .  — -  m -53]r (R M )

At the in terface  of a solution of a m ixture of cationic (R+Y ) 

and anionic (It M+) su rfa c ta n ts

X' SH ,0  * X ' V  * X’V  * X’V  * X’V  * 1

In the case w here the  cationic su rfac tan t is more active than

the anionic su rfa c ta n t, i . e . ,  X ^+ > 0 .5  (where X ^ + is the  mole

fraction  at the  in te rface , using  the  2-D gas model) we have:

X' V  -  o “ d X'SR , •  X'SY- * X' V

therefo re  Eq. [11-54] gives

X’g-t- = 1 "  XH2° [11-55]
2

Similarly, in th e  case w here the  anionic su rfa c tan t is more

active , i . e . ,  X^_ > 0 .5 ,

X '% . = 0 and  X \_  = X 'SR ,  ♦ X ' \ „

and

v's 1 ~ Xh-jO 'X = -----------------------------------------------------------[ n _56]
K 2

We now make th e  reasonable  assum ption th a t th e  ra tio  of the  

two surface active ions of th e  in terface  is the  same, irrespective  of 

w hether the 2-D gas o r th e  2-D solution treatm ent is used :



Using th is  assum ption in Eqs. [11-55] and [11-56] fo r the  more 

active cationic su rfa c tan t and more active anionic su rfac tan t, 

resp ec tiv e ly , p ro d u ce s :

's
X s -   ̂ 1 ~ XH2O

R
[11-58]

XR+ 2

and
s

V*s _ Xr+ 1 -  Xh20

+ ’  2  l n ' 591

The molar su rface  area of mixed su rfac tan t solution a t the

a ir/aqueous solution in te rface  can be obtained from the  G ibbs'

surface excess concentra tion:

T . = — ^ )
miK nRT d In Cm.x

where n equal 1 o r 2X, X is mole frac tion  of more su rface  active 

su rfac tan t, in p resence  o r absence of e x tra  inorganic e lectro ly te .

And

1
A . = --------  [11-601mix p  1 J

mix

Similarly, a t the  so lid /aqueous solution in terface the  molar



surface a reas of individual and mixed su rfac tan t solutions are :
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r  = ~  ̂ dVsi
s1 ‘  nRT d In C

_ ~ 1 d( Ysv-  V]y Cos 8 )
nRT d In C

1 d(V iv Cose)

"  nRT d in  C

and

A , =  - lSi r

r  , - i L  dy*
Sl, mix nRT d l n C _ ,mix

1 d(Vl v Cose)

nRT d In C •" °m ix

^  sl, mix =
r  sl, mix [11-62]

respec tive ly , w here the assum ption of constan t is made fo r a 

low -energy-su rface  solid.

In  the  case of more active cationic su rfa c tan t, the  molar 

surface  a reas and A ^ +y_ of mixed su rfa c tan t solution are



re la ted  to th rough  the  equation

XR+R- AR+R- 4 XR+Y- AR+Y- = Amix [II“63]

Since num ber of R +R and R +Y p ars  is equal to the  number 

of R and Y , respec tive ly , and XSy_ + = XŜ +, from Eq.

[11-57] the mole fraction  of R+R- and R+Y- a t in terface of m ixture 

solution are
Xp-

Xp+ p -  = --------------------

and

Xr -  * x r <

1 -  X R+

XR+

X XV‘R+ Y“ -------------

=  1 -

XR+ + XV“ 

1 - Xr-

Xr-  

2 X r + -  1 

Xr+

[11-61]

[11-65]

re sp ec tiv e ly .

Combining Eqs. [11-63], [11-64] and [11-65]
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= a ™*xR+ ~ (2Xr+ ~ ^ a r+ v- [ n _661 

1 " x r + .

w here and A-^+y_ a re  the  molar surface a reas of the  mixed

su rfa c tan t and  p u re  R +Y solution at the  in te rface , obtained from
V 1̂ *

experim ental da ta . Sim ilarly, the  molar surface area  of R R in the  

case of a more active anionic su rfa c tan t is:

A mix ^ R -“ 1 ) A p ?_ | Vl+ [U-671
A r+ r _ = - -

1 XR_

The surface  p re s su re  a t th e  a ir/aqueous solution in te rface  is

V  '  >°lv - *lv t 1'- '- 8)
w here 2f°jv is the  su rface  tension of pu re  w ater. Similarly, the

in terfacial p re s su re  a t the  so lid /aqueous solution in terface  is

’ sl ■ *°sl • *sl t” - 69)
w here y°gj is in te rfac ia l tension  a t the  so lid /pu re  w ater in te rface .

Using Y oung's equation , Ygj + Yj Cos 6 = Ygv, in Eq. [11-69] yields

IT , = 7° - y°. Cos 0° -Z + Z, Cos 8sl sv  lv sv lv
= 2fj Cos 8 - y°lv Cos 8° [11-70]

in which the  assum ption th a t  Z° = Z is reasonable and 0° is the. sv  sv
contact angle a t th e  so lid /p u re  w ater in te rface . T herefo re , from

V

experim ental da ta , th e  free  energ ies of adsorption  of the  indiv idual 

and  mixed su rfa c ta n ts  a t various in terfacia l p re s su re s  can be 

evaluated  by  using  E qs. [11-47] and [11-50], respec tive ly .
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CHAPTER III 

EXPERIMENTAL

III.A  M aterials

I I I .A . l  Surface-A ctive A gents

1 - 1  P urchased  S u rfac tan ts  

Sodium octane su lfonate, C g H ^ S 0 3Na (CgS03Na),

decanesulfonate, C^Hg^SOsNa ( C ^ S 0 3N a), and  dodecanesulfonate, 

C^HggSOjjNa (C^gSOsNa) all w ere obtained from R esearch  P lus, 

In c .,  Bayonne, N J. T he elemental analysis and  theoretical values 

a re  shown in Table A - 1.

Sodium dodecyl su lfa te , CjgHggSOaNa (C ^S O ^N a), p u rity  

b e tte r  than  99%, was p u rch ased  from R esearch  P lus, In c .,  Bayonne,
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NJ.

N -D odecyloctaethylene glycol, C^I^gCO CaH iJgOH (C^CEO Jg), 

was p u rchased  from Nlkko Chemical C o ., Tokyo, Jap an . The p u rity  

is g rea te r  th an  98%, as indicated  by  gas chrom atography.

s



Table A - 1

Elemental Analyses of Sodium Alkyl Sulfonates

Chemical C % H % S %

CgS03Na T heoretical 44.43 7.92 14.82

Found 44.66 8.05 . 14.88

C ,rtS 0 3Na T heoretical 49.14 8.69 13.1310
Found 49.40 8.71 13.28

C12S 0 3Na T heoretical 52.92 9.25 11.77

Found 53.06 9.43 11.36



1 - 2  Synthesized S u rfac tan ts
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1 - 2 . 1  P reparation  of N-Alkyl Pyridinium  Bromides, 

Cn H2 n .l< C ' H‘N>B r
T hree homologous, in which n  = 8 (CgNBr), n  = 10 (C ^N B r)

and n = 12 (C ^ N B r) , w ere syn thesized  by  the  SN2 nucleophilic 

substitu tion  reaction of th e  app rop ria te  1-bromoalkane with pyrid ine.

C H0 AlB r + C5H5N — ■+ C H0 i1 C5H5N+B r ' n  2n+l 5 s n 2n+l 6 5

1 - 2 .1 .1  N -O ctylpyridinium  Bromide, CgH17-(C 5H5N+)Br~

Two methods were used  to  p rep a re  n-octy lpyrid in ium  bromide 

(CgNBr):

Method A

1-Bromooctane (A ldrich, 99% p u rity  by I .R . and G .C .) ,  50 g 

(0.26 mole), was mixed w ith tw enty  molar p e r  cen t excess of 

pyrid ine  (J . T . B aker, assay  99.9% by  G .C ., d ried  over KOH). 

T he m ixture was headed u n d e r re flu x  a t 115 °C fo r 24 h ou rs (110), 

du rin g  which time the  color of the  m ixture changed to  d a rk  brown. 

Method B

The m ixture was allowed to  s tan d  a t room tem peratu re  with 

occasional shaking (8 ). The m ixture originally  contained two 

separa te  phases which, a f te r  20 days, changed to one brown phase.

The excess pyrid ine  in the  crude  p ro d u ct was s trip p ed  off a t 

induced  p re s su re , using  a ro ta ry  evapo ra to r. The residue  was 

dissolved in 100 ml of a ho t m ixture of acetone and te trah y d ro fu ran
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(V/V, 1:1) and crysta llized  in a "d ry  ice" cooling b a th . The 

c ry s ta ls  were dissolved in  180 ml of hot m ethanol and, decolorized by  

using  G-60 activa ted  carbon (Darco, ICI America I n c .) .  A fter the  

m ixture had been filte red , the  m ethanol was rem oved from the 

f iltra te . The white resiclue was rec ry sta llized  rep ea ted ly  once from 

acetone and fou r times from 2-butanone. The w hite c ry s ta ls  were 

d ried  in  vacua over phosphorus pentoxide a t room tem pera tu re  fo r 4 

days to constan t w eight. The p ro d u cts  w eighed 34.2 g and 39.6 g 

(48.5% and 56.2% of th e  theore tical yield) fo r m ethod A and  method 

B, respec tive ly . The elemental analysis re s u lts  a re  shown in Table 

A - 2.

1 - 2 .1 .2  N-D ecylpyridinium  Bromide, CjQH2j - ( C 5HsN+)B r

1-Bromodecane (A ldrich, 98%), 32.0 g (0.145 m oles), and

pyrid ine (J . T . B aker, assay  99.9% by  G . C . ,  d ried  over KOH),

13.7 g (0.173 moles) were mixed.

The color of the  c rude  p ro d u c ts , ob tained  by  method A was 

tan . By method B th e  m ixture changed to a lig h t yellow phase a t 

the fo u rteen th  day.

The procedure  fo r recrysta lliza tion  and  decolonization was the 

same as th a t used  fo r n-octylpyridinium  brom ide. T he yields of a 

w hite, c ry s ta l p roduct w ere 23.9 g (55.0% of th e  theore tical) and

26.2 g (60.2% of th e  theore tical yield) fo r m ethod A and  method B, 

respective ly .

The modified tw o-phase dye t ra n s fe r  titra tio n  method,

developed by Li and  Rosen (111) u sin g  2 : 3 (V /V) chloroform :
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1-n itropropane as the  organic phase and  a  m ultiple ex trac tion - 

titra tio n  techn ique, was u sed  to  check the  p u rity  of th e  p ro d u ct 

using  sodium dodecanesulfonate solution of known concentra tion . 

Details of the  procedure  a re  given in the  Purification and 

Concentration Determ ination of S u rfac tan t Solution section , below. 

The p u rity  of the  n-decylpyrid in ium  bromide (C^gNBr) was 100.2%. 

The elemental analysis re su lts  a re  lis ted  in  Table A - 2.

1 - 2 .1 .3  N-D odeeylpyridinium  Bromide, C12H21-(C sH5N+)Br~

The p rocedure  was similar to th a t used fo r n-octylpyridinium  

bromide and n-decylpyridinium  bromide.

The reaction  m ixture was 1-bromododecane (Hum phrey, 97% 

p u r ity ) , 31.0 g (0.124 m oles), and  tw enty  molar p e r cen t excess 

pyrid ine  (J . T . B aker, assay  99.9% by  G . C . ,  d ried  over KOH).

The colors of crude p ro d u cts  were brown and lig h t brown by 

method A and B, respec tive ly . By method B, the  m ixture changed 

to  a homogeneous phase a f te r  only ten  days.

A fter removal of the  excess py rid ine  u n d er reduced  p re s su re  

the  crude  p roducts  were crysta llized  from acetone and  then  

decolorized b y  use of G-60 activa ted  carbon. The white solid 

residue  was recrysta llized  fou r times from m ethyl e thy l ketone. The 

p roduct was d ried  in vacuo over phosphorus pentoxide for four 

days a t room tem peratu re .

The yields of p roducts were 24.9 g (61.2% of the  theoretical) 

and 26.6 g (65.4% of the  theoretical yield) by method A and B, 

respec tive ly . The p u rity  of n-dodecylpyridinium  bromide (C ^ N B r)



was 99.8%, by  the  usual 2-phase dye tra n s fe r  titra tio n  with sodium 

dodecylsulfonate solution using  acidic mixed ind icato rs (112). 

Details of the  technique a re  given in the  Purification and 

C oncentration Determ ination of S u rfac tan t Solutions section, below. 

The elemental analysis re su lts  a re  lis ted  in Table A - 2.



Table A - 2

Elemental A nalyses of A lkylpyridinium  Bromides

Chemical C % H % N %

CgNBr T heoretical 57.36 8.15 5.15

Found 57.36 8.32 5.53

CjgNBr T heoretical 60.00 8.73 4.66

Found 59.96 8.70 4.62

C ^ N B r T heoretical 62.19 9.21 4.27

Found 62.16 9.13 4.11
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1 - 2 . 2  P repara tion  of N-Alkyltrimethylammonium Bromides, 

Cn H2n*lN+<CH»>3B r'
Two homologues, in which n  = 12 (C^TM A Br) and n = 14

(C ^T M A B r), w ere sy n th esised  by  SN2 nucleophilic substitu tion , 

using  the  app rop ria te  1-bromoalkane and  trim ethylam ine.

Cn H2n H B r + N<CH’ >3 CnH2n*lN ,<CH=>3B r'

1 - 2 .2 .1  N-Dodecyltrimethylammonium Bromide, 

C12H25N+(CH’ >3B r"
1-Bromododecane (A ldrich, 98% p u r i ty ) ,  45.0 g (0.203 mole),

was mixed w ith a tw enty five p e rcen t excess of th ir ty  th ree  p e r 

cent trim ethylam ine in ethanol (F lu k a ). The reaction  m ixture was 

heated  u n d er re flu x  fo r twelve h o u rs .

The ethanol and excess trim ethy l amine were evaporated  by 

ro ta ry  evaporato r u n d er reduced  p re s su re . T he white residue  was 

dissolved in 75 ml of hot acetone and th en  c rysta llized  in a "d ry  

ice" cooling b a th . The solid was rec ry sta llized  five times from 

m ethyl e thy l ketone. The white p ro d u c t was d ried  over phosphorus 

pentoxide in vacuo fo r fou r days to  constan t w eight. The yield of 

n-dodecyltrimethylammonium bromide was 32.0 g (56.3% of the 

theoretical y ie ld ) .

The p u rity  of the p roduct was 99.5%, by  titra tio n  w ith sodium 

dodecanesulfonate solution of known concentration , u sing  the reg u la r

2-phase dye tra n s fe r  titra tio n  technique and  acidic mixed indicator 

( 112) .
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1 - 2 .2 .2  N-Tetradecyltrimethylamm onium  Bromide, 

°1 4 H25N*<CH’ >3B r'
The p rocedure  was same as th a t used  fo r n -

dodecyltrimethylammonium brom ide.

1-Brom otetradecane (Hum phrey, 97% p u r ity ) , 55.5 g (0.200 

m oles), was mixed w ith tw enty  five molar p e rcen t excess trim ethyl 

amine. A fter ten  hours of reflux ing  a lig h t yellow crude  p roduct 

was form ed. C rystallization of the  crude p roduct once from acetone 

and  fou r times from m ethyl e thy l ketone yielded 38.8 g of a white 

crysta lline  p ro d u ct (57.7% of the  theoretical y ie ld ).

The p u rity  of n-tetradecylam m onium  bromide was 99.8%, as 

determ ined by the  usua l two phase titra tio n  w ith sodium 

dodecanesulfonate solution, using  acidic mixed ind icator.

1 - 2 . 3  P reparation  of N-Dodecyl, N -B enzyl, N-MethylgTycine, 

C12H25N+( CH2 CeHs) (CH3 ) CH2 COO"

N-Dodecyl, N -benzyl, N -m ethylglycine, (C ^B M G ), was 

syn thesized  in th is  labora to ry  (113) by  heating  th e  m ixture of N- 

m ethylbenzylamine (200% molar excess) and sodium chloroacetate in 

95% ethanol a t reflux  tem pera tu re  of 60 °C. The p u r ity  of C^BMG 

is not less th an  98%.
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1 - 3  Purification and  Concentration Determ ination of Aqueous 

S u rfac tan t Solutions fo r Surface Tension an d  Contact 

Angle M easurem ents

Aqueous solutions of su rfa c tan ts , used  fo r su rface  tension and 

contact angle m easurem ents, were p rep a red  w ith quartz -condensed  

w ater. All solutions of su rfac tan t (except CgS03Na) a t a 

concentration  below th e ir  c ritica l micelle concentration  (C .M .C .) 

were fu r th e r  p u rifica ted  by  passing  them th ree  tim es. th ro u g h  h igh- 

density  chrom atographic columns of octadecylsilanized silica gel 

(SEP-PAK Cjg C artrid g e , Water A ssociates, Milford, MA) (114) to 

remove any traces  of im purities more in terfac ia l active than  the  

p a re n t compound. CgS03Na was purified  by ex trac tin g  it  w ith e thy l 

e th e r  fo r 48 h o u rs .

The solutions of the  individual su rfac tan ts  reached  equilibrium  

surface  tension  (when th e  difference betw een two succession 

read in g s , taken  a t ten  to  fifteen  m inutes in te rv a ls  between 

read in g s , was less th an  0 .1  mN-m *) w ithin one h o u r. T here  was 

no minimum in th e  su rface  tension  v e rsu s  logarithm  concentration 

curve  in  the  reg ion  of the  C.M .C. fo r any  of the  su rfa c tan ts .

The concentration  of th e  CgS03Na solution was determ ined by 

accura te ly  w eighing th e  e th y l e th e r-e x tra c te d  chemical (d ried  in 

vacuo over phosphorus pentoxide to constan t w eight) to 0 .1  mg and 

p rep a rin g  the  solution in a volum etric flask .



Tw o-phase titra tio n  using  acidic mixed ind icator was used  to 

determ ine the  concentra tion  of the  o th er ionic su rfac tan t solutions, 

a f te r  passage  th ro u g h  th e  SEP-PAK columns f i r s t .  The titra tio n  is 

based  upon the  t ra n s fe r  of dye-anionic su rfa c tan t complex between 

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

an  anionic su rfa c tan t w ith a basic dye is d istroyed  by the  cationic 

su rfa c tan t and  the  dye is re leased  in to  the  w ater phase and the 

complex of anionic and cationic su rfa c tan ts  e n te rs  the  organic phase 

(chloroform , o r m ixture of chloroform and 1 -n itro p ro p an e).

The m ultiple ex trac tio n , two phase dye tra n s fe r  technique, 

developed by  Li and  Rosen (111) was used to  determ ine su rfac tan t 

concentration  of C ^SO aN a solutions. The solution was titra te d  with 

the  cationic su rfa c tan t solution, Hyamine 1622, of known 

concentration , u sing  acidic mixed ind icator (see below ). To ten  ml 

of the  anionic su rfa c tan t solution of th e  unknown concentration
_3

solution (approxim ately 2 ~ 3 X 10 M) in  a 150-ml separa to ry  

funnel were added ten  ml of acidic mixed ind icator solution and 

fifteen  ml of a 2:3 V/V m ixture of chloroform (AR, F isher Scientific 

C o ., Fair Lawn, NJ) and 1-n itropropane (AR, E aste rn  Chemical, 

H auppauge, N Y ). T his m ixture was titra te d  w ith th e  Hyamine 1622 

solution, w ith v igorous shak ing  a fte r  each addition, un til the  

organic lay e r showed a lig h t g rey  color w ithout trace  of p ink color 

(the  end p o in t) . Then th e  lower (organic) lay e r was drained  

th rough  the  stopcock a t th e  bottom of the  funnel. To the  aqueous 

solution in th e  funnel was added ano ther 15 ml of the  organic
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m ixture and the  whole was shaken  well. T itra tion  with same 

Hyamine solution was continued to  a new end  po in t. The organic 

layer was again w ithdraw n. A fter titra tio n  and removal of the 

organic lay e r a th ird  time no additional Hyamine solution was 

requ ired  to reach  the  end  po in t. T he concentra tion  of C^SOgNa 

solution was determ ined from the  to ta l consum ption of the  Hyamine 

solution.

The usual (single) titra tio n  p rocedure  was used  to determ ine 

the concentrations of C ^SO aN a and C ^SO ^N a solutions. Ten ml of
_3

approxim ately 2 -  3 X 10 M C ^SO aN a o r C^SO ^N a solution was 

p ipetted  into a 250 ml, g la ss-s to p p e re d , Erlenm eyer flask . 15 ml of 

chloroform and 10 ml of acidic mixed ind icator were added to the 

solution. Hyamine solution of known concentration  was t itra te d  into 

the anionic su rfac tan t solution with vigorous shaking  a fte r  each 

addition, un til the  end po in t was reach ed . The concentration  of 

anionic su rfac tan t solution was calculated from the  volume and 

concentration of the  Hyamine solution.

The p rocedure  used  to determ ine th e  concentra tions of cationic 

su rfac tan t (C^TM A Br and  C^TM A Br) solutions, was th e  same as 

tha t used  fo r the  C ^SC ^N a solution, excep t th a t the  anionic 

su rfac tan t (C ^SO aN a) of known concentra tion  was u sed  to check 

the cationic su rfac tan t solution of unknow n concentra tion .

The stan d ard  cationic su rfa c tan t solution, u sed  to  t itra te  the 

anionic su rfac tan t solutions, was p rep a red  by  using
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diisobuty lphenoxyethoxyethyl dimethyl benzyl ammonium chloride 

(Hyamine 1622) (98.8% p u r ity , Rohm and Haas C o ., PA ). The

p u rity  of Hyamine 1622 was determ ined by  titra tin g  ag a in st sodium 

dodecyl su lfate  (BDH Chemical, L td .,  Poole, E ngland). On the 

basis of th is , the  molar ab so rp tiv ity  of the  sample of Hyamine 1622 

was determ ined to be 1266 L-mol *-cm * a t w avelength of 269.5 nm. 

The concentration of all su b seq u en t Hyamine solutions were checked 

by  u ltrav io le t absorbance and the above value of the  molar 

ab so rp tiv ity  was used . T he solution was p rep a red  w ith deionized
_3

distilled w ater and had  a concentration of approxim ate 1 X10 

m olarity.

The acidic mixed ind icato r was made from dimidium bromide 

(B urroughs Wellcome C o ., L td .,  London, England) and Erioglaucine 

(also called D isulphine Blue V) (BDH Chemical L td ., Poole, 

England) (113,115). Weigh 0 .5  ± 0.005g of dimidium bromide into a 

50 ml beaker and weigh D isulphine Blue V, 0.25 ± 0.005 g, into 

ano ther 50 ml beaker. Add 25 ml of 10% (volume) hot ethanol in 

w ater to  each beaker. S tir  the  solutions to  dissolve the  dye, then 

tra n s fe r  them to a 250 ml volumetric flask  and d ilu te to the  mark 

w ith the  hot 10% ethanol solution. T his solution was saved as stock 

solution in a brown bo ttle . T ran sfe r  20 ml of the  above stock 

solution, 200 ml of deionized distilled w ater and 20 ml of 2.5 M 

su lfu ric  acid into a 500 ml g raduated  flask  and shake it  well, then  

dilute to 500 ml with distilled  w ater. T his is th e  acidic m ixture 

indicator used  fo r the  tw o-phase titra tio n  of cationic o r anionic
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su rfac tan t so lu tions.

The concentrations of aqueous solutions of CgNBr, C ^NBr, 

C ^ N B r and C^BMG were m easured by  u ltrav io le t abso rbance. The 

molar absorp tiv ities (e) and maximum absorp tion  w avelengths 

(Xmax ) » in aqueous solution w ithout inorganic e lec tro ly te , a re  shown 

in Table A - 3.

The concentration of C ^ E O J g  solutions, a f te r  purification  

th rough  SEP-PAK columns, was determ ined from s ta n d a rd  cu rv es of 

surface  tension v e rsu s  logarithm  concentration  of p u re  C ^ E O J g  

solutions m easured in th is  labora to ry  (110).
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Table A - 3

Molar A bsorptiv ltles and Maximum A bsorption W avelengths of

C NBr and  C10BMG n  12

Maximum A bsorption Molar A bsorp tiv ity
_3

Compound Solvent Wavelength eXIO

X(nm) (L-mol *-cm

CgNBr H20  259 3.910

C1()NBr H20  259 3.960

C12NBr H20  259 4.020a

C12BMG H20  263 0.334b

a. Value shown in Ref. (110):

C12NBr- -3.88X103; C12NC1- -4 .08X103 

Value shown in J .  Colloid In terface S c i . , 1966, 21,522: 

C12NC1-4.09X 103; C12N B r-3 .82X 103; 

C12N I"4 .29X 103 a t 260 nm.

b . Value shown in Ref. (110): 3.55X102.
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I I I .A .2 Water and  Inorganic  Salts

The w ater u sed  fo r the  p rep a rin g  of su rfa c tan t solutions was

deionized f i r s t  and  th en  distilled  twice (the  la s t d istillation  being

from alkaline KMnOz, solution, th ro u g h  a th ree -fo o t h igh  V igreaux

column w ith q u a rtz  condenser and  re c e iv e r ) . T he specific
"6 “1conductiv ity  of the  quartz -condensed  w ater is 1.1 X10 mho-cm 

a t 25 °C and the  value of pH is about 5 .8 .

Sodium bromide (assay  100.5%, J .  T . B aker .Chemical C o., 

Ph illipsburg , NJ) and  sodium chloride (100.00% s ta n d a rd , Thom 

Smith Chemist, Beulah, MI), u sing  to ad ju s t the  ionic s tre n g th  of 

su rfac tan t solutions, w ere baked over six  h ou rs in a porcelain 

casserole a t red  head to remove traces  of organic compounds. In 

o rd e r to en su re  the  absence of traces  of su rface -ac tive  im purities 

the  surface  tensions of aqueous solutions of the  baked salts were 

checked. The su rface  tensions of 0 .1  N NaCl and 0 .1  N NaBr 

aqueous solution a re  72.3 mN-m * and 72.2 mN-m * a t 25 °C.

III.A  - 3 T reatm ents of Solid Surface

Low -energy solid su rfaces were made from Teflon (0.25 mm 

th ick n ess, E. I . du  Pont de Nemous & C o ., Wilmington, DEL), 

Parafilm ("M" L aboratory  film, American Can C o ., G reenw ith, CT) 

and Polyethylene (0.12 mm th ick n ess, Scotch 3M, S t. Paul, MN) 

tapes, cu t as rec tan g u la r pieces (1 .2  x  2 .5  cm2) and  p ressed  onto 

clean microscope slides. The su rfaces of Teflon and Polyethylene
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were b ru sh ed  gently  w ith a d e te rg en t solution and th en  rinsed  

repeated ly  w ith tap  w ater, shaken  free  of any  w ater drops and 

rin sed  f i r s t  w ith n -hexane (AR, F isher Scientific, Fair Lawn, NJ) 

and  then  with methanol (S pectranalyzed , F isher Scientific, Fair 

Lawn, N J ) . Finally, th e  su rfaces were rin se d  with deionized 

distilled  w ater and th en  w ith quartz -condensed  w ater. Parafilm was 

used  a fte r  removal from th e  roll, w ithout fu r th e r  cleaning treatm ent. 

All su rfaces were d ried  over phosphorus pentoxide in a desiccater 

fo r twelve hours before the  m easurem ent of contact angles.

The contact angles of th e  quartz -condensed  w ater a t the 

Teflon, Parafilm and polyethylene su rfaces were 111.9°, 112.5° and 

93 .3°, respec tive ly . The contact angles a t Teflon and polyethylene 

su rfaces a re  agreed  well w ith lite ra tu re  values of 112° for Teflon 

(116) and 94° for polyethylene (117). The contact angle on Parafilm 

is h igher th an  the  value of 110° fo r paraffin  (116,118). This means 

the  Parafilm surface has a lower en erg y  than  th a t of paraffin .

The effects of p re trea tm en ts  of th e  solid surface  on contact 

angles a re  shown in Tables A - 4 and A - 5.



Table A ;  4

The Effect of P re trea tm en ts on Contact 

th e  Teflon Surface

PRETREATMENT

a . None

b. Rinse with d e te rg en t solution and 

then  with quartz -condensed  w ater 

and equilibrate  over w ater 12 hours

c. Rinse with d e te rg en t solution then  

with q u artz  w ater and  d ry  over P2Os 

fo r 12 hours

d . Rinse with d e te rg en t solution then  

successively with n -hexane, methanol 

and q u artz  w ater and  equilibrate  

over w ater fo r 12 h ou rs

e . Rinse with d e te rg en t solution then

successively  with n -hexane , methanol 

and q u artz  w ater and  d ry  over P 20 5 

fo r 12 hours
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Angle M easurements a t

CONTACT ANGLE 

100. 2°

110. 1°

110.4°

111.3°

111.9°



Table A - 5

The Effect of P re trea tm en ts on Contact 

the  Parafilm Surface

PRETREATMENT

a. None

b. Equilibrate over w ater fo r 12 hours

c. Rinse with q u a rtz  w ater and equilibrate

over w ater for 12 hours
\

d . Rinse successively  w ith n -hexane, 

methanol and  q u artz  w ater and 

equilibrate  over w ater for 12 hours

e. Dry over P20 5 fo r 12 hours

f. Rinse successively  with n -hexane,

methanol and q u artz  w ater and 

d ry  over P20 5 for 12 hours

g. Rinse with d e te rg en t solution and q u artz  

w ater and d ry  over P 20 5 fo r 12 hours

Angle M easurements a t

CONTACT ANGLE 

112.5°

112 . 1°

112 . 1°

112.3°

112.5°

112. 6°

112.5°



I t is c lear from the data  in Tables A - 4 and A - 5 th a t the 

equilibration  over w ater decreases the  contact angle, b u t the  change 

is w ithin the  experim ental e rro r  ( ±1°) and is consequently

negligible. The data  in  Table A - 5 show th a t the  cleaning p rocess 

does not e ffect on the  contact angle of Parafilm and the  original 

paper-covered  Parafilm is clean. The original surface of the Teflon 

was contam inated and the sa tisfac to ry  contact angle, comparing with 

th e  lite ra tu re  value, could be obtained only th ro u g h  a certa in  

p re trea tm en t p rocess.

IX1.B M easurements of Surface Tension and  Contact Angle

I I I .B . l  Surface Tension M easurements

The Wilhelmy slide method, con tribu ted  by L. Wilhelmy (119) 

in  18G3, was used  to m easure all surface  tensions. The slide was 

made of an approxim ately 5 cm perim eter platinum  rectang le  p late 

(0 .1  mm th ick n ess), sandblasted  to be completely w etted (zero 

contact angle) by all solutions. The calibration of the  slide was 

checked with fre sh  quartz -condensed  w ater each day th a t the  

surface  tension was m easured. Because the  weight p e r  cen t of 

su rfac tan t in all solutions (except a few points of CgSOaNe and 

CgNBr) was less than  one p e r  cen t, the  density  of the  su rfac tan t 

solution was considered to be th a t of the  quartz -condensed .
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The platinum  plate  was suspended , by use o£ a cotton 

s tr in g , u n d e r loop B of a Chan RG Electrobalance (CHAN Division, 

V entron Instrum ents C o rp ., Param ount, CA), w ith a maximum 

capacity  of 500 mg and an  accuracy  of 0.05 mg. A jacketed  dish , 

holding the  su rfac tan t solution, was m aintained a t constant 

tem perature  by circulation of constan t tem perature w ater pumped 

from a bath  th a t consisted  of an immersion h ea te r, a copper cooling 

coil a ttached  to the  cold tap  w ater and a therm istor connected to a 

proportional tem perature contro ller (YSI Model 72, Yellow Springs 

Instrum ent C o., In c .,  Yellow S pring , OH) to ad just tem perature  of 

the  w ater ba th  a t the desired  tem perature ± 0.02 °C. A microscope 

jack was used  to regu la te  the  heigh t of the  su rfac tan t solution. A 

ch art rec o rd e r, 1 mv span , (Electronik 194, Honeywell, Fort 

W ashington, PA) was used  to record  the  data  from the 

E lectrobalance.

The p rocedure  for su rface  tension m easurement by  using  the 

E lectrobalance is as follows:

1. A djust the  E lectrobalance and the reco rd er (for th e  process 

details see below ).

2. R egulate the  w ater ba th  to the  desired  tem perature  by using 

the  tem perature  contro ller.

3. Pour about 50 ml of the  su rfac tan t solution into th e  jacketed 

d ish . T u rn  on th e  pump to circulate the  w ater and 

equ ilib rate  the  solution to the  bath  tem pera tu re .

4. Rinse the  platinum plate  with quartz-condensed  w ater and heat
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the  p late  in the  o u te r  cone of a B unsen b u rn e r  flame to red  

h e a t .

5. Suspend the  p late  from a cotton s tr in g  a ttached  to the  loop B 

of th e  E lectrobalance and  ad ju s t to read  zero .

6. Slowly ra ise  th e  jacketed  d ish  w ith th e  coarse adjustm ent knob 

of the  m icroscope jack  un til the  edge of the  p late  is within 0.5 

mm of the  solution su rface , then  carefu lly  ra ise  the  dish by  

using  the  fine ad justm ent knob un til the  plate ju s t touches the  

solution su rface  and  note the  position of the  plate on the  

adjustm ent knob scale. For m easuring the  surface tension, 

the  solution m ust be a t th is  same position.

7. Continue ra is in g  the  dish  to  subm erge the  plate completely in 

the  solution fo r a few seconds, th en  lower the  dish  until half 

the he igh t of the  p late  is subm erged in the  solution and keep 

th is  position betw een su rface  tension  read in g s.

8. A fter about 15 m inutes lower the  dish  to its  original position 

(were the  lower edge of th e  plate ju s t touched the  surface of 

the  solution) and  tu rn  th e  mass dial of the  Electrobalance 

un til th e  rec o rd e r rea d s  zero . T he value can be read  from 

th e  mass dial knob and  converted  to  su rface  tension by  using  

the  p late  constan t obtained  from fre sh  quartz-condensed  w ater 

each day th a t a m easurem ent is made.

9. A fter ten  to twelve m inutes rep ea t th e  s tep s 7 and 8 un til the 

difference betw een two successive read ings a re  within 0.1 

mN-m
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The p rocess fo r ad justing  th e  Electrobalance and th e  reco rd er 

is as the  following:

1) T u rn  on the  power of the  E lectrobalance and th e  reco rd e r and 

warm up fo r 30 m inutes.

2) Set the span range of the  rec o rd e r on 1 mv and  zero the 

rec o rd e r, if n ecessa ry , by using  the  zero ad justing  knob.

3) Set the  R ecorder Range switch to  "Z", Factor to 1 and F ilter 

control to  2.

4) Set both tabs of the  Mass Dial Range control and  th e  R ecorder 

Range control to the  le tte r  B and then  se t the  Mass Range 

sw itch to 500 mg.

5) Place a s tir ru p  and a pan on loop B. Suspend the  platinum 

plate  on the s tr in g  a ttached  to the  s tir ru p  u n d er loop B.

6) Place a s tir ru p  and a pan on loop C. Add ta re  w eight th a t is 

equal to one fifth  of the weight of the p late  and the  s tr in g  to 

th is  pan .

7) Set the  Mass dial to  0.000 and tu rn  th e  R ecorder Range 

sw itch to 50. The reco rd er should read  n ear zero . (A djust 

the  reco rd er read ing  to near zero by add ing  o r removing the 

w eight on the  pan of loop C ) . Zero the rec o rd e r  w ith the  Set 

0/ 10.

8) Add 250 mg calibrating  w eights on pan u n d e r loop B. Set 

R ecorder Range switch to 50 and Mass dial to 5.000. A djust 

the  reco rd er read ing  to zero by using  Set 5. T hen se t Mass 

dial to 4.000. The reco rd e r should read  full scale. A djust,
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if need , reco rd e r read ing  to full scale w ith C alibrate R ecorder 

k n o b .

Set R ecorder Range sw itch to 100. The read ing  of reco rd er 

should be zero and  half scale when the  Mass dial was 5.000 

and 4.000, respec tive ly . The ad ju sting  p rocess is same as 

step  8).

Remove 250 mg calib rating  w eight from the  pan of loop B. 

Set Mass d ial to  0 and R ecorder Range sw itch to 50 and  100, 

recheck  the  zero read ing  on rec o rd e r . A djust the  read ing , if 

n ecessa ry , as in s tep  7).

R epeat s tep s 7 ), 8 ) , 9) and 10) un til th e re  is no fu r th e r  

adjustm ent for the  reco rd er read ing . The Electrobalance is 

now ready  for su rface  tension m easurem ent.

III .B  - 2 Contact Angle M easurements

The p rocedure  fo r contact angle m easurem ents u sing  Rame- 

h a r t  Goniometer is the  following:

1) Place a piece of microscope slide on th e  platform  of the  

Chamber. Position and focus the  slide co rner on th e  extrem e 

r ig h t of the  slide. Move th e  Chamber, u sing  C ross-T ravel 

dial, and view th e  extrem e le ft of the  slide. The "base line" 

of th e  slide should be same position. Use bo th  le ft and r ig h t 

side jacking screw s u n d e r the  Chamber to  achieve th e  le ft to 

r ig h t leveling.

9)

10)

11)
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2) A similar p rocedure  is u sed  to  ad just the  optical axis leveling, 

b u t using  th e  fa r  side and n ear side jacking screw  under the  

Chamber. (In  o rd e r to obtain accurate  contact angles the  

p rec ise  optical axis leveling is ve ry  im portan t.)

3) Optimize illumination by  positioning the  illum inator and focus 

the  illumination beam u n til a sh arp  edge of th e  solution drop 

is obtained.

4) A djust the  tem pera tu re  of the  Chamber to a desired

tem perature  by  c ircu la ting  the  bath  w ater th rough  the supply

fittin g s on th e  base of the  Chamber.

5) Place a sample of the  solution o r liquid being tes ted  in the 

Chamber to sa tu ra te  the  vapor phase. This is to p rev en t 

evaporation of solvent from the drops on which contact angles 

are  being m easured [see 7 ), below ].

6) Place a microscope slide with the  rec tan g u la r piece of solid 

tape on the platform  of the Chamber. Recheck the  left to 

r ig h t leveling and optical axis leveling of th e  microscope slide 

[steps 1) and 2 )] .

7) Deposit four d rops of the  solution on the  solid surface by

using  a micrometer sy ringe . Add a little  more solution to

each drop and le t the  solution on the needle tip  ju s t touch the 

top surface of th e  orig inal drop to en su re  forming advancing 

contact angle. The diam eter of the  drop should be about 2.5 

~ 3 .0  mm.

8) A fter ten  m inutes refocus the  microscope to an edge of the
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drop . Slowly ro ta te  the  m easuring c ro ss-line  and ad just 

position by using  th e  c ro s s - tra v e l knob to a tta in  th e  tangency 

betw een the  c ross-line  and the  drop  profile a t  the  base of the 

solution d ro p . D irectly  rea d  con tact angle from the 

"m easuring" retic le  a t six o 'clock position . M easure on both 

sides of each of the  fou r d ro p s . The average  value of the 

e igh t m easurem ents is taken  as th e  con tact angle of the 

solution on the  solid su rface .

The advancing contact angle rep ro d u c ib lity  was within 1° a t 

L /T  and L /P ara  in te rfaces and 1.5° a t L /Poly in te rface .
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CHAPTER IV 

RESULTS AND DISCUSSION

IV.A S urfac tan t Molecular In terac tions in the  Mixed Monolayer

IV .A . 1 T reatm ents "E" and  "R"

Molecular in terac tions and synergism  have been extensively  

stud ied  in th is  labo ra to ry  (24 ,127 ,25 ,26 ,27 ,28 ,29 ,30). Positive 

synergism  is due to a ttrac tiv e  in terac tion  betw een th e  two 

su rfa c tan ts , i .e .  when the  mixed system  shows a negative  deviation 

from ideality  and the  in terac tion  param eter (3) is negative . The 

la rg e r  the  negative value of 3, th e  s tro n g e r the  a ttrac tiv e  

in terac tion  between the  d iffe ren t su rfa c tan t molecules. Since 

in teraction  betw een the su rfac tan ts  should a ffect th e  adsorp tion  of 

su rfac tan t a t the in te rface , the molar a rea  of su rfa c tan t should be 

d ifferen t in the mixed system  from th a t in the  indiv idual, and  the 

s tro n g e r the  in teraction  (the  more negative the  3 value) the  g rea te r  

should be the  d ifference.



Data in this laboratory show (24,25,28,30,120) that molecular

interaction between two surfactants in aqueous solution decreases in

the order: cationic-anionic »  betaine-anionic > POE nonionic-

ionic (cationic o r anionic) > betaine-cationic > POE nonionic-betaine > 

POE nonionic-POE nonionic. A ttrac tive  in teraction  betw een cationic 

and  anionic su rfa c tan t molecules should therefo re  significantly  

decrease  the  molar a rea  of su rfa c tan t in the  mixed system . Holland 

(104) using  the  re su lts  of Corkill (121), found th a t th e  molar area  

of the  su rfac tan ts  in  a 1:1 molar m ixture of decyltrimethylammonium 

bromide and sodium decyl su lphate  in p resence of excess inorganic 

electro ly te  was about seven ty  p e rcen t of the  a rea  for the 

co rresponding  unmixed com ponents.

The purpose h ere  is to  compare the  re su lts  obtained  by  using  

the  two d ifferen t trea tm en ts ("It" and  "E") ,th e  trea tm en t "R" based 

upon the  assum ption th a t th e  ra tio  of p a rtia l molar a reas  of the two 

su rfac tan ts  in  the  mixed monolayer equals the  ra tio  of the  molar 

monolayer a reas of the  two individual su rfac tan ts  a t  the  same 

in terfac ia l tension  and the  treatm ent "E" based  upon th e  assum ption 

th a t the  area  occupied by  th e  su rfac tan t in the  mixed monolayer is 

not significantly  d iffe ren t from th a t in a monolayer of th e  individual 

su rfac tan t, fo r cationic-anionic su rfa c tan t mixed monolayers a t the  

a ir/aqueous solution and  th e  hydrophobic so lid /aqueous solution 

in te rfaces . T hree  mixed system s have been investiga ted : octyl

pyridinium  brom ide-dodecanesulfonate, C gN Br-C^SO aN a, dodecyl 

pyridinium  brom ide-decanesulfonate, C^N Br-C^gSC^N a, and
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te trad ecy l trim ethy l ammonium brom ide-octanesulfonate, C^TM ABr- 

CgS03Na. In  o rd e r to compare the  re su lts , all su rfa c tan t solutions 

(except a few poin ts in th e  cu rves of individuals of CgNBr and 

CgS03N a), indiv idual and  mixed, had the  same 0 .1  N ionic s tre n g th , 

ad justed  w ith sodium brom ide. The mole frac tions (X) of cationic 

su rfac tan t in the  in terfac ia l monolayer varied  from 0 .3  to  0 .8 . The 

mole frac tions of adso rbed  su rfac tan t in th e  mixed monolayers, 

calculated by  these  two trea tm en ts , were compared to  the mole 

frac tions calculated by  use  of the  H utchinson method (107) based 

upon the  Gibbs adsorp tion  equation . In terac tion  param eters (ft) 

between the two k inds of su rfac tan ts  in the  mixed monolayer were 

also calculated from su rface  tension and contact angle m easurem ents, 

using  the  two d ifferen t trea tm en ts .

Figure 1 shows p lo ts of surface tension ( ^ y ) v e rsu s  logarithm

of CgNBr molar concentration  fo r CgN Br-C^SC^N a m ixtures at

constan t C ^SO aN a concentra tion; F igure 2 shows the  p lo ts of Ŷv

v s . log molar concentration  of C ^SO aN a (j0g Cq  gQ ^ a ) for these
12

m ixtures a t constan t concentration  of CgNBr. The adhesion tension

(Jf^Cosft) v s . log Cq cu rves fo r CgN Br-C^SO aN a m ixtures a t
8

constan t concentration of C^SO aN a a t the  T eflon/aqueous solution

in terface (L /T ) and  Parafilm /aqueous (L /P ara) in te rface  a re  shown

in F igures 3 and  5, respec tive ly . The Y^Cos P - log Cq gQ
12

curves fo r these  m ixtures a t  constan t concentration  of CgNBr on the 

L /T  and L /P ara  in te rfaces a re  shown in F igures 4 and 6.

Plots of surface  tension  (or adhesion tension) v s . the
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logarithm  of to ta l su rfac tan t molar concentration  a t constan t molar 

fraction (o) fo r CgNBr-C.j^S03Na m ixtures a re  shown in F igures 7, 

8 and 9 a t the  L /V , L /T  and  L /P ara  in te rfaces .

F igures 10, 12 and 14 show the p lo ts of Ŷv (or JT^CosO) v s .

log Cq fo r C^NBr-C^gSOaNa m ixtures a t constan t C^gS03Na
12

concentration a t L /V , L /T  and L /P ara  in te rfaces , respective ly . The 

curves of Yjv (or Y^CosS) v s . log Cq gQ fo r same m ixture 

system  a t constan t C ^ N B r concentration  a t the  L/V , L /T  and 

L /P ara  in te rfaces a re  shown in F igures 11, 13 and 15.

Plots of Yly (or *lv Cos0) v s . log fo r th is  m ixture system  

are  shown in F igures 16, 17 and  18 a t the  L/V , L /T  and L /P ara  

in te rfaces, respec tive ly . In each fig u re , su rfac tan t 1 is C ^ N B r 

and the  values of o a re  0.2276, 0.5000, 0.7714 and 1. The plots 

fo r individual C^gS03Na a re  shown in F igure 42, 44 and 46 a t the 

L/V , L /T  and L /P ara  in te rfaces .

For Cj^TM ABr-CgS03Na m ix tures, F igure 19 shows the  plots

of *lv v s . log Cq  XMABr a t consta n t concentration of CgS03Na;
14

Figure 20 shows the  p lo ts of Ŷv v s . log Cq gQ ^  a t constant
8 3

concentration of C ^TM A Br. F igures 21 and 23 show the  plots of

ylv Cos8 v s . log Cq XMABr *** Presence constan t concentration
14

of anionic su rfac tan t a t the  L /T  and L /P ara  in te rfaces . C urves of

YlvCos8 v s . log Cq gQ j^a in p resence of constan t concentration of
8 3

cationic su rfac tan t a re  shown in F igures 22 and 24 a t the  L /T  and 

L /P ara  in te rfaces , respec tive ly .
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Figures 25 and 26, 27 show Y ^-log Ĉ . and T^CosB-log Ĉ . 

cu rves fo r C ^SO sN a and  C ^TM A B r-C gS03Na mixed solutions a t a 

fixed value of a, th e  mole frac tion  of cationic su rfac tan t in the 

solution phase on a su rfa c ta n t only basis , a t the  L/V and L /T , 

L /P ara  in te rfaces. In  each fig u re , su rfac tan t 1 is the  cationic 

su rfac tan t (C^TM A Br) and the  values of a a re  0, 0.4000, 0.6923, 

and  0.8836. Plots of Jf^-log C and X^CosG-log C for C^TM ABr are 

shown in F igure 42, 44 and 46 a t the  L /V , L /T  and L /P ara .

Surface excess concentrations of cationic and  anionic 

su rfac tan ts  a t the  mixed monolayer were calculated from the 

experim ental da ta , using  E qs. [11-38] and [11-39], Mole fractions of 

the  cationic su rfac tan t (X^j), based  upon H utchinson method, were 

calculated by using  equation [11-40].

The surface mole frac tions (Xg) and in terac tion  param eters 

(Pg), using  treatm ent "E", were calculated from Eqs. [11-28] and 

[11-27]; the  corresponding  values, Xp  ̂ and Pp, using  treatm ent 

"R", were obtained from Eqs. [11-37] and [11-36]. C ^ ,  A i° , C2°,

A2° , C a(= oC .), C2[= (1 - o)C .] and A can be obtained from
t  L  c t V

plots of (or Yjv Cos0) v e rsu s  log C .̂, the  to ta l molar

concentration of su rfa c tan ts  in the  solution phase, fo r the  two 

individual su rfac tan ts  and th e ir  m ixtures by selecting values a t the 

same in terfacial tension in all cases.

In  e lectrolyte solutions containing swamping excesses of 

su rfac tan t counter-ion , the  to tal surface excess concentration of
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mixed su rfac tan t a t the  in te rface , 1^, is obtained by  using  Eq.

[1-14]. The average a rea  p e r  su rfac tan t species a t the  in terface

A , in nm2, was calculated by  use  of Eq. [1-15]. av

The mole frac tions, Xj j , and Xg, the  molecule in teraction  

param eters , 3-  ̂ and  (5̂ ,, and  re lev an t in terfac ia l tension , Ŷv o r Ygj, 

a re  lis ted  in Tables A - 6, 7, 8, 9, 10, 11, 12, 13 and  14 for the 

th ree  mixed system s a t the  L/V , L /T  and L /P ara  in te rfaces, 

respec tive ly . Ygj was evaluated  from Eq. [11-41] by. assum ing th a t 

the  so lid-vapor in terfac ia l tension , Ygv, is equal to the  critical 

surface tension , Y , fo r the  low -energy solid su rface , using  Yc 

equal to 18, and  24 mN-m * fo r Teflon and Parafilm (90), 

respective ly .

1 - 1  Surface Mole F raction , X, and  In terac tion  Param eter,

3, Values

CgNBr - C^gSOaNa System 

Tables A - 6, 7 and 8 lis t the  values of X and 3 fo r the 

CgNBr - C^gSOaNa m ixture system  a t the  L /V , L /T  and L /P ara  

in te rfaces, respec tive ly . The value of Xj j , the  mole fraction  of 

CgNBr as calculated by  th e  H utchinson m ethod, v a rie s  from 0.32 to 

0.39 as o changes from 0.23 to 0.77 a t all th re e  in te rfaces. This 

means th a t the more active su rfa c tan t ion (C ^SO g ) occupies a 

dominant position a t the  in te rfaces in the  p resence  of excess 

inorganic sa lt (45,49). X ^ , based  on trea tm en t "R ", shows very
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good agreem ent w ith th e  experim ental value Xj j , the  average 

difference betw een them being  3%, 2% and 1% a t the  L/V , L /T  and 

L /P ara  in te rfaces , resp ec tiv e ly . Comparison of Xjj and Xg, based  

on treatm ent "E” , shows an average d ifference of 14%, 20% and 16% 

a t the  L/V , L /T  and L /P ara  in te rfaces . Xg could not be calculated 

a t a h igh in terfacia l tension a t the  L /T  in te rface . At constan t o, 

Xjj and X g remain constan t w ith increase in surface o r in terface 

tension , while Xg decreases with increase  in the  in terfacial tension 

a t all th ree  in te rfaces . Xg of the  less su rface  active su rfac tan t is 

always smaller than  Xg and X g a t the  various in terfacia l tension 

and a values on all th ree  in te rfaces .

The average value of the  in terac tion  param eter 

calculated from Eq. [11-36], is -19 .5 , -14.1 and -15.3 a t the  L/V , 

L /T  and L /P ara  in te rfaces , respec tive ly . V ariations are  less than  

3% from the average a t th e  d iffe ren t o o r in terfacia l tension values. 

T herefo re , it  appears th a t the  value of the  in teraction  param eter, as 

calculated by equations [11-37] and [11-36], is not affected by

change in the  in terfacia l tension o r the  mole fraction  of the  bulk

phase. T his is consisten t with p rev ious data (25,27), calculated by 

equations [11-28] and [11-27] a t the  L/V in te rface  fo r nonionic- 

nonionic and nonionic-ionic m ixture system s.

For th is  cationic-anionic su rfac tan t m ixture, however, the 

absolute values of Pg decrease  with increase  in in terfacia l tension a t 

the  th ree  in te rfaces . At th e  L /T  in te rface , the  pg value a t lowest

in terfacial tension , 15.9 mN-m *, is about double th a t a t the  high
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in terfacia l tension, 33.3 mN-m and th e re  a re  only about 20% and 

30% change in  Pg value betw een co rrespond ing  in te rfac ia l tension a t 

the  L/V and L /P ara  in te rfaces .

At low in terfacia l tensions (sa tu ra te d  ad so rp tio n ), the work 

term , y(A x°  - A x) ,  is 5 .0  K J-m o f1, 2 .8  KJ-mol"1 and 2.6 KJ-mol"1 

a t the  L/V , L /T  and L /P ara  in te rfaces , resp ec tiv e ly , while the  

nonideal in teraction  term , R T P g (l - X )2, is 19.8 KJ-mol 1 , 13.5 KJ- 

mol * and 16.0 KJ-mol * a t the  L /V , L /T  and L /P ara  in te rfaces. 

Obviously the  work term  is no t negligible in  the  calculation of 

surface  molar frac tions and  in te rac tion  param eters of su rfac tan ts  in 

the  monolayer. Due to the  omission of the  con tribu tion  of the work 

term , the  average value of Pg is only 53%, 56% and 63% of Pg a t the  

L/V , L /T  and L /P ara  in te rfaces , resp ec tiv e ly .
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Table A : G

Surface Mole Fraction & Surfactant Interaction Parameter

Values, CgNBr-CjgSOaNa (0.1 N NaBr); L/V Interface

*lv . XH XR XE PR PE

35.8 0.33

a = 0.2286

/ / / /

40.7 0.32 / / / /

45.3 0.32 0.33 0.25 -19.2 -11.8

49.6 0.31 0.33 0.25 -19.3 -11.3

53.6 0.31 0.33 0.25 -19.6 -10.8

35.9 0.35

a = 0.5000

/ / / /

45.2 0.35 0.36 0.30 -19.3 -12.1

49.6 0.35 0.36 0.30 -19.4 -11.6

53.7 0.35 0.36 0.30 -19.7 -11.0

57.5 0.35 0.36 0.30 -19.6 -10.4

61.3 0.35 0.36 0.29 -19.3 -9 .7

40.0 * 0.38

o = 0.7714

/ / / /

44.7 0.38 0.39 0.35 -19.5 -12.5

49.2 0.38 0.39 0.35 -19.5 -11.8

53.4 0.39 0.39 0.35 -19.8 -11.3

57.2 0.39 0.39 0.35 -19.4 -10.7
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Table A :  7

Surface Mole Fraction & Surfactant Interaction Parameter

Values, C8N B r-C 12S 0 3Na (0 .1  N N aB r); L /T  In terface

* 1si XH XR XE PE

-
a = 0.,2286

15.9 0.32 0.31 0.26 -14.2 -10.4

20.1 0.32 0.31 0.25 -14.3 -9 .4

24.9 0.32 0.31 0.21 -13.9 -7 .6

29.5 0.32 0.32 0.15 -14.2 -5 .3

33.0 0.32 0.32 

a = 0. 5000

/ -15.7 /

15.6 0.34 0.34 0.31 -14.4 -10.9

20.6 0.34 0.35 0.30 -14.1 -9.2

24.9 0.34 0.35 0.28 -14.0 -8 .1

29.0 0.33 0.36 0.26 -14.3 -6 .8

33.3 0.33 0.36 

o = 0. 7714

0.21 -14.1 -4 .6

20.2 0.38 0.38 0.35 -14.3 -9 .7

24.6 0.38 0.39 0.35 -14.0 -8 .4

28.8 0.38 0.39 0.34 -14.2 -7 .1

33.2 0.39 0.40 0.31 -14.2 -5.3
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Table A - 8

Surface Mole Fraction & Surfactant Interaction Parameter

Values, CgNBr-C^SOaNa (0 .1  N NaBr); L/Para Interface

* isi XH XR XE PR PE

15.0 0.32

o = 0.2286

/ / / /

19.7 0.32 0.31 0.25 -15.0 -11.0

24.2 0.32 0.31 0.25 -15.3 -10.2

28.2 0.32 0.32 0.24 -15.5 -9 .4

32.8 0.32 0.32 0.22 -15.1 -8 .1

19.7 0.34

o = 0.5000 

0.34 0.30 -15.1 -11.3

24.0 0.34 0.35 0.30 -15.5 -10.6

28.5 0.34 0.35 0.29 -15.6 -9 .7

32.7 0.35 0.35 0.29 -15.1 -8 .7

37.2 0.35 0.35 0.27 -15.2 -7.1

19.2 0.38

a = 0.7714 

0.38 0.35 -15.1 -11.6

24.1 0.38 0.38 0.35 -15.4 -10.6

27.9 0.38 0.38 0.34 -15.5 -9 .8

32.8 0.39 0.38 0.34 -15.0 -8 .8

37.1 0.39 0.39 0.34 -15.4 -7 .4
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C ^ N B r - C^gSOaNa System 

Tables A - 9, 10 and  11 lis t  the  mole frac tions and  in terac tion  

param eters fo r C ^N B r-C gjSO aN a m ixtures a t the  L/V , L /T  and 

L /P ara  in te rfaces, resp ec tiv e ly . C ^ N B r is a little  more surface 

active than  C ^ S 0 3Na, since it  has a longer carbon chain leng th . 

T herefo re , a t all th ree  in te rfaces the  surface mole fraction  of 

C ^ N B r is slightly  la rg e r  th an  0 .5 , fo r the  en tire  range  of o from

0.23 to 0.77. The su rface  mole frac tion , X g, again shows b e tte r  

agreem ent w ith the  value of Xg th an  does Xg. The average 

difference betw een X g and  X g is 3%, 5% and 5% a t the  L/V , L /T  

and L /P ara  in te rfaces , while th e  average difference betw een Xg and 

Xjj is 11% a t all th ree  in te rfaces . X g and  X g a re  almost constan t a t 

constan t a. Xg shows a sligh t increase w ith increased  in terfacial 

tension and is always la rg e r  th an  the  co rresponding  X g and Xg 

values a t all th ree  in te rfaces . The deviation of Xg from X g in th is 

system  is less th an  th a t of o th er two mixed system s. T his is 

because the X value is close to 0 .5  and (Ax0 - A x) and (A2° " A2) 

a re  similar in value. M athematically, th e re  is no d ifference between 

E qs. [11-28] and [11-37] when X = 0 .5  and Ax° - Ax = A2° - A2. 

But the  effect of the  work term , Y(A.° - A .), is ap p aren t from the 

values of th e  in terac tion  param eters . Pg shows a variation  up to 

30% betw een the  lowest and  th e  h ighest in terfac ia l tensions a t the 

same o a t all th ree  in te rfaces . While the  variation  of P̂  is 3%, 5% 

and 7% from the average value is -19 .7 , -14.2 and -15.5 a t the  L/V , 

L /T  and L /P ara  in te rfaces , respec tive ly . The average value of Pg
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is only 56%, 68% and 67% of PR a t  th e  L /V , L /T  and L /P ara

in te rfaces. yfA j0 - A x) and RTBR (1 - X )2 a re  3 .7  K J-m ol'1 and 

-9 .9  KJ-mol"1 a t the  L/V in te rface , 1.9 KJ-mol"1 and 6 .5  KJ-mol"1 

a t the  L /T  in te rface , 2 .0  KJ-mol 1 and 7.1 KJ-mol 1 a t  the  L /P ara  

in te rface .
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Table A - 9

Surface Mole Fraction & Surfactant Interaction Parameter

Values, C12NBr-C1()S03Na (0.1 N NaBr); L/V Interface

lv XH XR XE PE

o = 0. 2286

37.3 0.52 / / / /

42.4 0.52 0.52 0.54 -19.2 -13.5

47.5 0.51 0.52 0.54 -19.5 -12.8

52.5 0.51 0.52 0.55 -19.7 -12.0

57.1 0.51 0.52 0.55 . -19.9 -11.3

a = 0. 5000

39.3 0.53 0.55 0.57 -19.2 -13.8

44.7 0.53 0.55 0.58 -19.4 -12.9

49.8 0.52 0.55 0.59 -19.7 -12.2

54.4 0.53 0.55 0.60 -19.7 -11.5

58.8 0.53 0.55 0.61 -19.9 -10.7

62.7 0.53 0.56 0.62 -20.3 -9 .7

a = 0. 7714

41.9 0.56 0.58 0.62 -19.4 -12.9

46.6 0.56 0.58 0.63 -19 .8 -12.3

51.6 0.56 0.58 0.64 -19.8 -11.5

56.4 0.56 0.58 0.65 -19.7 -10.8

60.2 0.59 0.58 0.66 -20.4 -10.0
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Table A : 10

Surface Mole Fraction & Surfactant Interaction Parameter

Values, C12NBr-C1()S03Na (0.1 N NaBr); L/T Interface

*sl . XH XR XE PE

18.0 0.52

a = 0.2286 

0.53 0.54 -13.8 -11.2

22.2 0.53 0.53 0.54 -14.0 -10.6

26.4 0.53 0.53 0.55 -14.2 -9 .8

30.5 0.53 0.53 0.55 -14.8 -9 .0

34.1 0.52 0.53 0.56 -14.9 -8 .3

15.2 0.54

a = 0.5000 

0.57 0.58 -13.8 -11.6

19.8 0.55 0.57 0.59 -13.8 -10.8

23.9 0.54 0.57 0.60 -14.2 -10.2

27.8 0.54 0.57 0.60 -14.5 -9 .5

32.2 0.54 0.57 0.61 -14.8 -8 .4

17.0 0.56

a = 0.7714 

0.61 0.64 -13.5 -10.8

21.0 0.56 0.61 0.64 -13.7 -10.3

25.4 0.56 0.61 0.65 -13.9 -9 .4

29.6 0.55 0.61 0.67 -14.3 -8 .5

33.6 0.56 0.61 0.69 -14.8 -7 .5
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Table A - 11

Surface Mole Fraction & Surfactant Interaction Parameter

Values, C12NBr-C10SO3Na (0.1 N NaBr); L/Para Interface

*sl XH XR XE PR PE

o = 0. 2286

19.7 0.54 0.54 0.54 -15.1 -12.0

24.4 0.53 0.54 0.55 -15.1 -11.3

28.6 0.53 0.54 0.55 -15.6 -10.6

33.1 0.54 0.54 0.55 -16.2 -9 .8

36.8 0.53 0.54 0.55 -16.6 -9 .2

a = 0. 5000

21.2 0.54 0.57 0.59 -15.1 • -11.7

25.6 0.54 0.57 0.59 -15.2 -11.1

29.9 0.54 0.57 0.60 -15.8 -10.4

34.4 0.54 0.57 0.61 -16.3 -9 .4

38.6 0.54 / / / /

o = 0. 7714

18.3 0.55 0.61 0.63 -14.9 -11.8

23.3 0.56 0.61 0.64 -14.7 -10.8

27.6 0.56 0.61 0.65 -15.2 -10.1

31.8 0.56 0.61 0.66 -15.7 -9 .5

36.2 0.57 0.61 0.67 -15.9 -8 .4
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C14TMABr-C8S 0 3Na System 

Tables A - 12, 13 and  14 lis t the  values of X g, X g, Xg and 

Pg and Pg a t the  L/V , L /T  and L /P ara  in te rfaces , respec tive ly . 

The Xg values of C^TM ABr v a ry  from about 0 .7  to 0 .8  as the 

value of a is changed from 0.4 to 0 .9  on all th ree  in te rfaces , in 

agreem ent with the  g rea te r  surface activ ity  of C^TM A Br than  

CgS03Na. The mole fraction  values, Xg and X g, show good 

agreem ent w ith each o th er, the  average d ifferences being 3%, 1% and 

2% a t the  L/V , L /T  and L /P ara  in te rfaces , respec tive ly . The 

average differences between Xg and Xg are  10%, 13% and 10% a t the 

L /V , L /T  and L /P ara  in te rfaces. At the  L /T  in te rface , Xg cannot 

be calculated a t h igh  in terfacial tension o r la rge  a values. Xg is 

always h igher than  the corresponding values of X g and X g a t all 

th ree  in te rfaces . The values of Xg and Xg show a sligh t increase 

w ith increase in the  in terfacial tension  a t constan t a and the 

average Pg values of -13 .5 , -10.8 and -11.4 a t the  L/V , L /T  and 

L /P ara  in te rfaces are  somewhat smaller th an  expected  (when 

compared with the  values fo r the  C^TM ABr-CgjSOsNa sy s tem ). 

Both of these  may be caused by  nonionic o r sh o rt chain homolog 

im purities in CgS03Na, due to the  inability  to p u rify  it by the 

rev e rse  chrom atographic technique because of the  lack of an 

analytical method fo r determ ining its  concentration in the  effluen t. 

The value of Pg again decreases with incease in in terfac ia l tension, 

similar to th a t observed  in the CgNBr-C^SOjjNa and C ^ N B r- 

C jgS 03Na system s, bu t the variation is a little  b e tte r  (sligh tly  less
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than  30%). The average value of 3R is about 71%, 63% and 66% of 

3R a t the L /V , L /T  and L /P ara  in te rfaces . 2f(Ai° - An) is  2 .2  KJ- 

mol"1, 1.3 KJ-mol"1 and 1.3 KJ-mol"1 ; RT3R (1 - X )2 is  3 .0  KJ-

mol"1, 1.7 KJ-mol"1 and  1.9 KJ-mol"1 a t the  L /V , L /T  and L /P ara

in te rfaces , respec tive ly . Comparing it  w ith RT3R (1 - X )2, the

work term maks a considerable contribution  to the  value of the 

surface mole frac tion  and in terac tion  param eter of the  su rfac tan ts  in 

the  monolayer.

I t is ap p aren t from th e  above re su lts  th a t, fo r cationic-anionic 

mixed system s, treatm ent "R” , which uses equations [11-37] and

[11-36], yields values th a t  a re  in close agreem ent w ith those 

calculated from the Gibbs adsorp tion  equation by use of equations 

[11-38], [11-40], while trea tm ent "En, based upon equations [11-28] 

and [11-27], yields values th a t deviate more. In  addition , treatm ent 

"R" yields XR and 3R values th a t show changes of only a few 

p e rcen t when X (or Y^CosB) o r o is varied  over th e  complete range 

investigated  h e re ; the  changes in the  values obtained by  treatm ent 

"E" a re  considerably  la rg e r . In  agreem ent w ith th e  differences 

betw een the  equations fo r trea tm en t "E" and "R", th e  differences 

betw een the  values of X and 3 obtained from th e  two trea tm en ts 

increase  with increase  in th e  in terfac ia l tension .
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Table A - 12

Surface Mole Fraction & Surfactant Interaction Parameter

Values, C^TMABr-CgS03Na (0.1 N NaBr); L/V Interface

*1lv XH XR XE PE

a = 0.4000

42.8 0.67 0.70 0.76 -14.2 -10.2

47.2 0.68 0.70 0.79 -14.3 -9 .1

51.3 0.71 0.70 0.79 -14.1 -9 .0

55.0 0.73 0.70 0.80 -14.0 -8 .8

58.4 0.73 0.71

a = 0.6923

0.81 -13.5 -8 .5

42.6 0.73 0.74 0.83 -14.0 -9 .3

46.8 0.76 0.74 0.84 -13.7 -8 .8

50.5 0.79 0.75 0.85 -13.1 -8 .5

54.0 0.80 0.76 0.86 -13.0 -8 .3

57.5 0.80 0.75 0.88 -13.2 -7 .8

60.6 0.80 0.75

a = 0.8836

0.88 -13.7 -7 .6

41.3 0.82 0.78 0.89 -13.3 -8 .8

45.2 0.82 0.78 0.91 -13.0 -8 .0

48.9 0.83 0.79 0.92 -13.0 -7 .8

52.2 0.83 0.80 0.92 -13.0 -7 .9
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Table A - 13

Surface Mole Fraction & Surfactant Interaction Parameter

Values, C14TMABr-C8S03Na (0.1 N NaBr); L/T Interface

* 1si XH XR XE PR PE .

o = 0.4000

23.6 0.76 0.75 0.82 -11.1 -8 .0

27.6 0.78 0.75 0.85 -11.0 -7 .3

31.8 0.78 0.75 0.88 -10.8 -5 .9

35.3 0.78 0.76 0.90 -10.9 -6 .1

38.6 0.78 0.77 / . -10.2 /

a = 0. 6923

18.9 0.78 0.80 0.87 -10.8 -7 .9

22.3 0.80 0.79 0.89 -10.9 -7 .6

26.1 0.81 0.80 0.92 -11.0 -6 .6

29.9 0.81 0.80 0.98 -11 .0 -5 .0

34.0 0.81 0.80 / -10.8 /

37.3 0.81 0.81 / -10 .8 /

a = 0.8836

17.4 0.83 0.85 / -10.3 /

20.9 0.85 0.84 / -10.7 /

24.1 0.85 0.84 / -11 .0 /

28.1 0.85 0.84 / -10.9 /

32.3 0.85 0.85 / -10.5 /
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Table A ;  14

Surface Mole Fraction & Surfactant Interaction Parameter

Values, C^TMABr-CgS03Na (0.1 N NaBr); L/Para Interface

*sl . XH XR XE PR PE

a = 0.4000

23.8 0.76 0.74 0.80 -12.1 -8 .9

27.8 0.76 0.74 0.81 -12.0 -8 .6

33.0 0.77 0.74 0.82 -11.9 -7 .9

35.7 0.77 0.74 0.83 -11.8 -7 .4

39.9 0.77 0.75

a = 0.6923

0.85 -11.4 -6 .7

22.3 0.79 0.79 0.86 -11.9 -8 .7

26.6 0.81 0.79 0.88 -11.8 -7 .9

30.3 0.81 0.79 0.89 - H .7 -7 .6

34.3 0.82 0.79 0.90 -11.5 -7 .0

38.0 0.81 0.81

a = 0.8836

0.92 -10.9 -6 .4

20.5 0.82 0.82 0.93 -12.0 -7 .9

24.9 > 0.83 0.83 0.97 -11.8 -6 .8

28.5 0.84 0.83 0.97 -11.3 -6 .2

32.3 0.84 0.83 / -11.2 /
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1 - 2  Factors Affecting the Deviation Between XR and X ,̂;

Br  and PE

As shown in  T ables A - 6 ~ 14, th e  deviation of Xg and f$E

from XR and PR , respec tive ly , increases w ith increase  in the

in terfacia l tension . T his is because: 1) the  change in slope of the

*lv -log Cj. (or yivCos0-log C .̂) cu rve  w ith increase  in  interfacial 

tension is la rg e r  fo r a solution of an  indiv idual su rfa c tan t then  for 

a mixed su rfa c tan t solution in these  system s, th ere fo re  (A^° - Aj) 

increases w ith increase  in in terfac ia l tension ; 2) th e  value of 

Y(A.° - A.) increases w ith increase  in  Z. T herefo re  the  Z(A° - 

A.) term  makes a g re a te r  contribution  to the  calculation of the

surface mole frac tion  and  in terac tion  param eter as the  in terfacial 

tension increases.

In all the  system s, the  absolute value of 0E decreases with 

increase in  in terfacia l tension  a t a fixed  a value a t all th ree  

in te rfaces. The decrease  is in  o rd e r: a ir/aqueous <

Parafilm /aqueous < T eflon/aqueous and re flec ts  the  o rd e r of 

increasing  change in (A.° - Aj) w ith increase  in  th e  interfacial 

tension . T his can be ex tended  to  explain th e  fa ir  agreem ent 

between X values calculated by  using  Eq. [11-28], treatm ent "E", 

and Eq. [11-40], H utchinson m ethod, in nonionic-nonionic and 

nonionic-anionic system s (25). In those system s the  interaction 

betw een su rfa c tan t molecules in the  monolayer is v e ry  weak (small 

absolute value of (S) and  th e  changes of th e  a rea  p e r  su rfac tan t in
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the  mixed and  individual system s is so small th a t it  p roduces no 

significant effect on the  X and 3 values.

Tables A - 15.1 and  15.2 lis t average values of 3j^ and 3g, 

th e ir  absolute difference |3j^ - 3 g |, the  work term  2f(Ax°  - A x), 

and the  packing deviation fac to r, 1 - Aav/[X A 1°  + (1 - X)A2° ] ,  

which m easures the  degree  of change in  the  a rea  p e r  su rfac tan t 

molecule in the  monolayer from an individual su rfac tan t to a mixed 

su rfac tan t system . Included a re  data  from o th er investigations and 

o th er in v es tig a to rs . I t  is ap p a ren t from the  data  in Table A - 15.1 

th a t the  la rg e r  the  value of Y(Ai° - A x) , the  la rg e r  th e  value of 

I (5r  - Pgl • I t  is also clear from the data  in Table A - 15.2 th a t in 

general, and irrespec tive  of the  in te rface , the  value of the  packing 

deviation fac to r increases with increase  in the  a ttrac tio n  in teraction  

between the  two su rfa c tan ts , i . e . ,  w ith la rg e r  negative values of 3^ 

and 3g. O ther investiga to rs have also observed  th is  decrease in 

the  average a rea  p e r su rfa c tan t molecule a t th e  in terface  when 

interm olecular a ttrac tion  is la rg e . L ucassen-R eynders (53) found 

th a t the  a rea  p e r  ionic su rfa c tan t a t the  L/V in terface in 

C^TM ABr-C^SOfcNa aqueous m ixtures w ithout excess inorganic 

electrolyte was only about half of th a t fo r solutions of th e  individual 

su rfac tan ts . We obtained similar re su lts  from Rodakiewicz-Nowak's 

(44) experim ental data on the  C^TM ABr-C^gSNa mixed system . As 

the  ionic s tre n g th  increases, the  packing  deviation fac to r decreases; 

fo r the  C^TMABr-CjQSOaNa system  a t the  L/V in terface  the factor 

is 0.50 and 0.30 in aqueous solution and  0 .1  N NaBr, respective ly .
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Increased  e lectro ly te coun ter ion decreases the  a ttrac tiv e  in teraction  

betw een the  cationic and  anionic head g roups in  th e  inter£acial 

monolayer, decreasing  th e  absolute value of P and  decreasing  the  

packing deviation fac to r. Similar re su lts  were obtained by  o th er 

in v es tig a te rs . Holland (104) indicated th a t th e  a rea  p e r ionic 

su rfac tan t is about 70% of th a t fo r the  co rrespond ing  unmixed 

components fo r the  CjQTMABr-CjgSOftNa system  in 0.05 N NaBr. 

The packing deviation fac to r in a  sp read  film of 

octadecyldimethylamine oxide-sodium  dodecyl su lfa te  m ixture in 0.01 

N NaCl a t PH = 5.5 (HC1) is about 0.65 (a t h igh  su rface  p re s su re ) , 

calculated from Rosano's da ta  (129). T hese a re  in  agreem ent with 

ou r re su lts .

The data in Table A - 15.2 also indicate th a t fo r all the 

in te rfaces investigated  here  the  varia tion  of Pg from P^ increases 

with increase  in the  packing  deviation fac to r. T hus, when 

a ttrac tiv e  in teraction  betw een th e  two su rfa c ta n ts  is la rge , the  

packing deviation fac to r and  the  |P ^  - pg| values a re  la rg e . When 

interm olecular a ttrac tio n  is re la tive ly  weak (P-^ < 6 ), fo r example in 

nonionic-nonionic o r nonionic-ionic m ix tu res, th e  packing  deviation 

fac to r is small and the  difference betw een P^ and Pg is negligible. 

In  th is  case the  e r ro r  in the  assum ptions th a t A x°  = A x and 

A2°  - A2 is less th an  10% and trea tm en t nE" can be used  to 

calculate the  surface mole frac tions and the  in te rac tion  param eters 

w ithout significant e rro r .
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Table A 2  15.1

Factors A ffecting 3^ , 3g, and T heir D ifference

System Interface PR &E |3r -&e I

KJ-mo

C12T B r-C 12S 0 1(Na L/Va -38.4 -27.4 11.0 6.7

HaO L /T -30.6 -20.4 10.2 5 .7

L/Poly -26.7 -17.2 9.5 4 .9

C12T B r- C10SNa L/Vb -35.6 -22.7 12.9 7 .8

h 2o L /T -28.8 -17.9 10.9 6.1

L/Poly -26.6 -16.9 9.7 5 .8

C12T B r~ Cio SNa L/V -19.6 -13.3 6.3 4 .1

0.1 NaBr L /T -14.1 -11.0 3.1 1.8

L /Para -15.3 -12.2 3.1 1.7

C8N Br-C12SNa L/V -19.5 -11.2 8 .3 5 .0

0.1 NaBr L /T -14.1 -7 .9 6.2 2 .8

L /P ara -15.3 -9 .6 5.7 2.6

C12N B r-C 1()SNa L/V -19.7 -11.9 7 .8 4.3

0.1 NaBr L /T -14.2 -9 .7 4.5 2.3

L /Para -15.5 -10.4 5.1 2.4

C14T B r-C 8SNa L/V -13.5 -8 .6 4.9 2.3



0 .1  NaBr L /T -10.8 -6 .8 4 .0 1.3

L /P ara -11.2 -7 .5 3.7 1.3

C12BMG-C12SNa L/V -8 .3 -5 .4 2 .9 2.2

0 .1  NaBr L /T -6 .2 -4 .9 1.3 1.2

L /P ara -6 .9 -5 .1 1.8 1.2

L/Poly -3 .2 -3 .3 0.1 -0 .2

C12(EO )B-C 12SO*Na L/V ° -3 .7 -3 .5 0.2 0.2

Na 0 .1  NaCl L /T -2 .9 -2 .6 0 .3 0.2

C j2 (EO) g “C^igSOjjNa L /V c -3 .3 -3 .1 0.2 0.6

Na 0 .5  NaCl L /T -2 .7 -2 .5 0.2 0.6

C12(EO )8-C 12SNa L/V c -2 .7 -2 .6 0 .1 0.5

0.1  NaCl L /T -2 .1 -2 .0 0.1 0.6

C12(EO )8-C 12SNa L/V c -2 .0 -2 .0 0 .0 -0 .1

0 .5  NaCl L /T -1 .7 -1 .6 0.1 0.1

a .-R e f . (53) b .-R e f . (44) c .-R e f . (27)
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Table A - 15.2

F acto rs A ffecting 3R , and T heir D ifference

System In terface PE |PR -PE I Nd

C12T B r-C 12S 0 1(Na L/V a -38.4 -27.4 11.0 0.48

H20 L /T -30.6 -20.4 10.2 0.47

L/Poly -26.7 -17.2 9.5 0.36

C12T B r-C 1()SNa L/V b -35.6 -22.7 12.9 0.50

H20 L /T -28.8 -17.9 10.9 0.48

L/Poly -26.6 -16.9 9.7 0.41

C12T B r-C 1()SNa L/V -19.6 -13.3 6.3 0.30

0.1  NaBr L /T -14.1 -11.0 3.1 0.28

L /P ara -15.3 -12.2 3.1 0.27

C8N B r-C 12SNa L/V -19.5 -11.2 8.3 0.31

0.1 NaBr L /T -14.1 -7 .9 6.2 0.32

L /P ara -15.3 -9 .6 5.7 0.31

C12N B r-C 1()SNa L/V -19.7 -11.9 7 .8 0.32

0.1  NaBr L /T -14.2 -9 .7 4 .5 0.28

L /P ara -15.5 -10.4 5.1 0.31

C14T B r-C gSNa L/V -13.5 -8 .6 4.9 0.18

0 .1  NaBr L /T -10.8 -6 .8 4 .0 0.17



L /P ara -11.2 -7 .5 3.7 0.16

C12BMG-C12SNa L/V -8 .3 -5 .4 2.9 0.13

0 .1  NaBr L /T -6 .2 -4 .9 1.3 0.14

L /P ara -6 .9 -5 .1 1.8 0.14

• L/Poly -3 .2 -3 .3 0.1 -0.02

C12(EO) 8_C12SOl,Na L/V c * -3 .7 -3 .5 0.2 0.01

Na 0 .1  NaCl L /T -2 .9 -2 .6 0.3 0.02

C12(EO )8-C 12SO„Na L/V c -3 .3 -3 .1 0.2 0.04

Na 0 .5  NaCl L /T -2 .7 -2 .5 0.2 0.06

C12(EO )8-C 12SNa L /V c -2 .7 -2 .6 0.1 0.03

0.1 NaCl L /T -2 .1 -2 .0 0.1 0.06

C12(EO )8-C 12SNa L/V ° -2 .0 -2 .0  - 0 .0 -0.01

0.5  NaCl L /T -1 .7 -1 .6 0.1 0.01

a .-R e f . (53) b .-R e f . (44) c. -R ef. (27) 

d . N = 1 - Aav /[X A i0 ♦ (1 - X)A2°]
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1 - 3  Conclusions

1. The work term , Y(Ai° - A i) , due to  the  change in  area  

p e r  su rfac tan t molecule a t the  in terface  re su ltin g  from interm olecular 

a ttrac tio n  in the  mixed m onolayer, cannot be neglected for the 

calculation of in terfac ia l mole frac tions and  in terac tion  param eters in 

cationic-anionic su rfac tan t m ix tures.

2. A treatm ent "R", based upon th e  assum ption th a t the ratio  

of the  p a rtia l molar a reas of the  two su rfac tan ts  in  the mixed 

monolayer equals the  ratio  of the  molar a reas  of the  two individual
N

su rfac tan ts  a t the  same in terfac ia l tension , gives mole fraction 

values of the  su rfac tan ts  a t the  in te rface  th a t a re  in v e ry  good 

agreem ent w ith those obtained by use  of th e  H utchinson method 

based  upon the  Gibbs adsorp tion  equation , a t both the liqu id /vapor 

and  liqu id /hydrophobic  solid in te rfaces .

3. The value of the  in terac tion  param eter (Pj^) betw een the 

su rfa c tan ts  in the  mixed m onolayer, obtained by treatm ent "R", is 

essen tia lly  constan t with change in e ith e r  the  ra tio  of the  two 

su rfac tan ts  in the  solution phase o r th e  in terfacia l tension a t the  

a ir/aqueous solution, T eflon/aqueous solution, o r Parafilm /aqueous 

solution in te rfaces .

4. T reatm ent "E", based upon the  assum ption of equal 

su rfa c tan t a reas in the  mixed and individual su rfac tan t films, gives 

in terfac ia l mole fractions and in terac tion  param eters fo r mixed 

monolayer formation th a t deviate from those obtained by  treatm ent 

"R". The deviation increases w ith increase  in in terfacia l tension
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and in  the  deg ree  of change in su rfa c tan t a rea  a t  th e  in terface. 

The la t te r  increases with increase  in the  s tre n g th  of the  in teraction 

betw een the  two su rfa c ta n ts .

5. When in te rac tion  betw een th e  two su rfa c tan ts  in  the  mixed 

monolayer is re la tive ly  w eak, th e  two trea tm en ts y ield  essen tia lly  the 

same in te rfac ia l mole frac tion  and in te rac tion  param eter values.
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IV .A .2 F acto rs A ffecting th e  In teraction  Param eter a t 

L iquid/H ydrophobic Solid In terface  

The in te rac tion  betw een th e  two su rfa c tan t molecules a t the  

in terfacial monolayer, as m easured by the  value of P, is affected by  

microenviromental fac to rs , such  as the  n a tu re  of the  in terface and 

the ionic s tre n g th  of the  solution, and the  chemical s tru c tu re s  of 

the su rfac tan ts  such as the  num ber of carbon atoms in the  

hydrophobic g roups of th e  su rfac tan ts  and  the  n a tu re  of the  

hydrophilic g roups of the  su rfa c tan ts .

2 - 1  Effect of th e  N ature  of the  Hydrophobic Surface

Plots of adhesion tension  v s . log of to ta l molar su rfac tan t 

concentration (log Ct ) fo r C^BM G, C^SO aN a and th e ir  m ixtures in 

aqueous solution w ithout excess inorganic e lectro ly te  a re  shown in 

F igures 28, 29 and 30 a t the  L /T , L /P ara  and  L/Poly in te rfaces, 

respective ly . C^BMG is chosen as su rfa c tan t 1 and the  values of a 

are  0, 0.0134, 0.0276, 0.0884, 0.3274, 0.6864, 0.9448 and  1. The 

values of th e  su rface  tension  a re  taken  from refe ren ce  (28). For 

th is  zw itterionic-anionic mixed system  in aqueous solution, in the  

absence of added inorganic e lectro ly te , the  to ta l surface  excess 

concentration was obtained by  use of Eq. [1-12]. Eqs. [1-6] and 

[1-8] were used  to calculate th e  surface excess concentrations of the  

individual zw itterionic (C^BM G) and anionic (C ^SO aN a) 

su rfa c ta n ts .
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Figure 31 shows th e  su rface  tension , v e rsu s  log Ĉ . for

C^BM G, C^gSOgNa and th e ir  m ixtures in aqueous sodium bromide 

solution of 0 .1  N to ta l ionic s tre n g th  (IS ). Plots of log Ĉ . for 

these  solutions v s . th e  adhesion tension , Y^Cos 0, a t th e  L /T , 

L /P ara  and L/Poly in te rfaces a re  shown in  F igures 32, 33 and  34, 

respec tive ly . In  each fig u re , su rfa c tan t 1 is C^BMG and the 

values of molar fraction  in  bulk  phase , a , a re  0, 0.0204, 0.0849, 

0.355, 0.693, 0.919 and 1.

For a cationic-anionic m ixture system , C^TM ABr-C^gSOaNa, 

th e  cu rves of su rface  tension  (or adhesion tension) v s . log Ĉ . in 

0 .1  N IS (NaBr) aqueous solution a re  p lo tted  in F igures 35, 36 and 

37 a t the  L/V , L /T  and L /P ara  in te rfaces , respec tive ly . In these  

f ig u res , su rfac tan t 1 is C^TM A Br and the  o values a re  0, 0.5000 

and 1. F igures 38 and 39 show the  Yjv Cos 0 v s . log Ĉ . cu rves for 

the  same mixed system  in aqueous solution in the  absence of excess 

inorganic sa lt, w here a a re  0, 0.500 and 1, a t the  L /T  and L/Poly 

in te rfaces . The surface tension , Yjv , da ta  a re  from reference  (44). 

Equations [1-14] and [1-13] were u sed  to  calculate th e  to ta l surface 

excess concentrations for th e  cationic-anionic mixed system s in the  

p resence  and absence of excess inorganic e lectro ly te , respec tive ly .

F igures 40 and 41 show Y^CosO - log Ĉ . cu rves for 

C^TM A Br, C^SO^Na and th e ir  m ix tures in aqueous solution in  the 

absence of excess inorganic e lectro ly te  on Teflon and  polyethylene, 

respec tive ly . The Ŷv data  w ere obtained from refe rence  (53). In
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each fig u re , su rfac tan t 1 is C ^SO ^N a and the  o values a re  0, 

0.500, 0.667 and 1.

Table A - 16 l is ts  th e  values of th e  average a rea  pe r 

su rfac tan t species, Aftv, a t the  in terfacial mixed monolayer, the 

to tal surface excess concen tra tion , and the  re lev an t in teraction  

param eter fo r mixed monolayer formation for the  L/V in terface;

fo r the  L /T , L /P ara  and  L/Poly in te rfaces) fo r the  C^BMG- 

CigSOoNa and C^TM ABr-C^gSOaNa mixed system s in th e  absence 

and p resence of added inorganic e lectro ly te and C^TM ABr- 

C ^SO aN a in the  absence of excess inorganic e lectro ly te . In  o rd er 

to perm it comparison, the  values a re  given a t the  same mole fraction 

in the  bulk phase.

It is clear from th e  data  in  Table A - 16 th a t th e  n a tu re  of 

the  in terface does have a major e ffect on th e  degree of in teraction  

of the  two su rfac tan ts  in th e  in terfac ia l monolayer. The a ttrac tion  

in teraction  betw een th e  two su rfa c tan t molecules decreases (shows 

less negative & values) in th e  o rd e r: L/V > L /P ara  > L /T  > L/Poly. 

The values of the  to ta l su rface  excess concentra tion , T̂ ., show tha t 

th e  adsorp tion  of su rfa c tan ts  decreases in th e  same o rd e r: L/V >

L /P ara  > L /T  > L /PoJy. T his is reasonable since the  average area 

p e r  su rfac tan t increases w ith decrease  in and the  in teraction  

betw een th e  su rfac tan ts  would be expected  to decrease  w ith increase 

in  the  distance betw een the  su rfa c tan t molecules.

However, the  tre n d  w ith th e  change in the  area  p e r  molecule
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is not uniform . The d ifference betw een th e  in te rac tion  param eters 

(AP) a t the  L /P ara  in terface  and  L/V in te rfaces is much la rg e r  than  

the  difference in  the  a rea  p e r  molecule betw een those in te rfaces, 

compared with those a t th e  L /P ara  and L /T  in te rfaces . Possibly the 

cohesive force betw een th e  hydrocarbons of th e  Parafilm surface and 

hydrocarbon chains of the  su rfa c ta n ts  red u ces the  in teraction  

between the hydrocarbon  chains of th e  two d iffe ren t su rfac tan ts , 

while the "mutual phobicity" betw een th e  fluorocarbons of the  Teflon 

surface and th e  hydrocarbon  chains of the  su rfa c tan ts  causes the 

hydrocarbon chains of th e  d iffe ren t su rfa c tan ts  to be closely packed 

and the  in teraction  param eter betw een them to  be g rea te r. 

T herefore the in terac tion  param eter a t the  T eflon/aqueous in terface, 

compared with th a t a t the  Parafilm /aqueous in te rface , is la rg e r  than  

th a t expected based upon the  a rea  p e r  su rfa c tan t molecule.

The surface excess concentration  a t th e  L /P ara  in terface is 

slightly  less th an  th a t a t the  L/V in te rface . T his is in  agreem ent 

w ith E. H. L ucassen -R eynders 's  data  (35) and  G. Zografi’s re su lts  

(123) for the adhesion tension v s . su rface  tension  of various 

aqueous su rfac tan t and polymer solutions. Data (29) in th is 

laboratory  have shown th a t the  value of th e  in te rac tion  param eter 

fo r mixed monolayer formation a t th e  aqueous so lu tion/hydrocarbon 

in terface is less negative th an  th a t fo r th e  same system  a t the  L/V 

in te rface .
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Table A ;  16

Effect of the  In terface  on 3 and  A Values
ftv

System Interface a P r t
mol-cm 2x l0 10

Aav 
nm 2

C12BMG-C12S 0 3Na L/V 0.686 -6 .6 3.7 0.45

H20 L /T 0.686 -4 .7 2.8 0.59

L /P ara 0.686 -5 .0 3.4 0.49

L/Poly 0.686 -1 .9 2.4 0.70

C12BMG-C12S 0 3Na L/V 0.355 -8 .3 3.9 0.43

0.1 N IS (NaBr) L /T 0.355 -6.2 3.5 0.47

L /P ara 0.355 -6 .7 3.7 0.45

L/Poly 0.355 -3 .2 2.7 0.62

C12TMABr-C1()S 0 3Na L/V 0.500 -19.6 5.2 0.32

0.1 N IS (NaBr) L /T 0.500 -14.1 4.1 0.40

L /P ara 0.500 -15.3 4 .4 0.38

C12TMABr-C1()S 0 3Na L/V 0.500 -35.6 5.9 0.28

H20 L /T 0.500 -28.8 4 .6 0.36

L/Poly 0.500 -26.6 3 .0 0.56

C12TMABr-C12S 0 4,Na L/V 0.500 -38.4 6 .1 s 0.27

H20 L /T 0.500 -30.6 3.8 0.44

L/Poly 0.500 -26.7 3 .0 0.55
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The la rg e r  values of Aflv a t th e  L /Poly in te rface  th an  a t the 

L/V in terface  is consisten t w ith p rev ious data  on insoluble 

m onolayers of individual su rfa c tan ts , ind icating  th a t th ey  a re  less 

closely packed a t the  hyd rocarbon /w ate r in te rface  th an  a t the 

a ir /w a te r  in terface  (124). Compared w ith th a t on Parafilm , the  area  

p e r  su rfac tan t molecule on polyethylene is la rg e r  th an  expected . 

T his is  because polyethylene has been  shown to exh ib it some polar 

c h a rac te r. T his was shown by  E. D. G oddard and cow orker from 

w etting  stud ies u sing  p u re  liquids (125).

The interm ediate value fo r the  L /T  in te rface  possib ly  re flec ts  

th e  m utual phobicity  of hydrocarbon  chains and fluorocarbon 

su rfaces pointed out b y  P . Mukerjee and  colleagues (126,127,128), 

from severa l d iffe ren t re sp ec t stud ies of fluorocarbon and 

hydrocarbon  su rfac tan ts  and o th er in v estig a to rs  (129,130,131). 

T his would re su lt in less  adsorp tion  of hydrocarbon  su rfa c tan t a t a 

L /T  in terface  than  th a t a t a L /P ara  in te rface . P . Mukerjee (132) 

calculated th a t the  free  en erg y  of adsorp tion  p e r  mole methylene 

group (-CH 2“) was -820 Cal-mol * a t the  h exane /w ater in te rface  and 

-690 Cal-mol ^ a t the  perfluo rohexane/w ater in te rface .
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2 - 2  Effect of the Number of Carbon Atoms in Mixed 

Systems

Figure 42 shows p lo ts of su rface  tension  v e rsu s  logarithm  of
_3

su rfac tan t concentration (in mol-dm ) fo r C ^ N B r, C^SO aN a and 

C^TM ABr a t the  L/V in te rface . Plots of su rface  tension v s . 

logarithm  of to tal su rfa c tan t concentration  fo r the  cationic-anionic 

m ixtures, all equimolar concentrations of cationic and  anionic in the 

bulk  phase ( i .e . ,  o = 0 .5 ) a re  shown in F igure 43. F igures 44, 45, 

46 and 47 show the adhesion tension (Y^CosB) v s . logarithm  of the 

concentration fo r th e  individual su rfac tan ts  and the  equimolar 

cationic-anionic su rfa c tan t m ixtures a t the  L /T  and L /P ara  

in te rfaces , respective ly .

The in teraction  param eters (ft) of th e  su rfa c tan ts  in the

in terfacia l monolayers were calculated by  u se  of Eq. [11-36]. Eq.

[11-37] was used  to  obtain the su rface  mole frac tion  of cationic

su rfac tan t a t 2f̂ v  = 45 mN-m * a t th e  L/V  in te rface  and a t = 22

mN-m * a t the  L /T  and L /P ara  in te rfaces , respec tive ly . The
-2

minimum average area p e r  su rfa c tan t molecule (Aflv) ,  in  nm , was 

calculated by  use of Eq. [1-15], w ith th e  to ta l su rface  excess

concentration , 1^, obtained by  use of Eq. [1-14] fo r th e  system  in 

the  p resence of excess electro ly te  from the  linear p a r t  of the  curve 

of surface tension or (adhesion tension) v s . log C .̂,
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Table A - 17

Values of 3, X. and  A fo r C N B r-C  S 0 3Na M ixtures a tav n  m
a = 0 .5  in  Aqueous Solution of 0 .1  IS (N aBr) a t  th e  L /V  In terface:

y, = 45 mJ-m * lv

n m X Aav
n m '2

3

8 10 0.41 0.37 -19 .5

10 10 0.48 0.33 -20.7

12 10 0 .5 4 s 0 .3 1 5 -19.7

8 12 0.36 0 .3 6 5 -19/5,

10 12 0.43 0 .3 3 5 -20.1

12 12 0.49 0.30 -20 .9
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Table A - 18

Values of (J. X, and  A fo r C N B r-C  S 0 3Na M ixtures a t ' av  n  m
o = 0 .5  in  Aqueous Solution of 0 .1  IS (NaBr) a t th e  L /T  In terface :

X = 22 mJ-m * si

n m X Aav
-2nm

6

8 10 0.42 0.43 -14.2

10 10 0.50 0.37 -16.1

12 10 0.57. 0.35 -14.5

8 12 0.36 0.42 -14.1

10 12 0 .435 0 .3 8 5 -14.6

12 12 0.50 0.31s -16.7
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Table A - 19

Values of fl, X, and  A for C N Br-C S 0 3Na M ixtures a tav n  m
o = 0 .5  in Aqueous Solution of 0 .1  IS (NaBr) a t th e  L /P ara

In terface: Z , = 22 mJ-m * si

n m
*

X Aav
nm"2

8

8 10 0.42 0.39 -15.4

10 10 0.49 0.35 -16.9

12 10 0.57. 0.32 -15.7

8 12 0.35 0.37 -15.3

10 12 0 .425 0.36 -15.7

12 12 0.50 0.31 -17.3
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Table A - 17, 18 and  19 lis t the  values of 3, X and A for * 1 av
Cn N Br-CmS 0 3Na m ixtures w here n  equals 8, 10, o r 12 and m equals 

10 or 12, and  a = 0 .5  in  aqueous solutions of 0 .1  N IS (NaBr) a t 

the  L/V , L /T  and L /P ara  in te rfaces , respec tive ly .

The data in T ables A - 17, 18 and  19 show th a t a t all th ree  

in terfaces investigated  h ere  the  a ttrac tiv e  in te rac tion  betw een the 

su rfac tan ts  in the monolayer increases sligh tly  (more negative value 

of 3) w ith increase in the  carbon num ber of e ith e r  the  cationic 

su rfac tan t o r anionic su rfa c ta n t. T his is because the  e lectrostatic  

a ttrac tiv e  force betw een th e  cationic and anionic heads is the  

dominant contribution to th e  in te rac tion , compared to the  Van der 

Waals a ttrac tiv e  force betw een the  hydrocarbon  chains. T here is a 

somewhat s tro n g e r in te rac tion  when both  th e  cationic and anionic 

su rfac tan ts  th a t have th e  same num ber of carbon atoms in th e ir  

alkyl chains. This phenomenon was also observed  in th is  laboratory  

(27) fo r nonionic-cationic and  nonionic-anionic mixed system s in the 

p resence of excess e lectro ly te  a t th e  L/V in te rface . For the  same 

m ixture of su rfac tan ts , th e  in te rac tion  decreases in the  o rder: 

a ir/aqueous > Parafilm /aqueous > T eflon/aqueous in te rface  and the  

area  p e r  su rfac tan t molecule is ju s t  re v e rse , a s observed  fo r o ther 

system s.

As shown by  the  data  in T ables A - 17, 18 and 19, a t all 

th ree  in terfaces the 3 values become moro negative  w ith decrease in 

the  average a rea  p e r  su rfa c ta n t molecule in the  mixed monolayer. 

The average a rea  p e r  su rfa c ta n t molecule decreases w ith increase in
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the individual and total carbon atom number of the cationic and

anionic su rfac tan ts . A shows a minimum value when the cationicav
and anionic su rfac tan ts  have equal chain leng th  and th is  is 

consisten t with the  fac t th a t the  maximum in terac tion  betw een two 

su rfac tan ts  occurs when th e  two su rfa c tan ts  have same num ber of 

carbon atoms in th e ir alkyl chains. O. Shibata (133) and D. O. 

Shah (134) observed the  condensing effect on a mixed film when the  

two su rfac tan ts  have equal chain len g th . Shah suggested  th a t the 

portion of the  molecules above the  he igh t of the  adjacent molecules 

fo r a m ixture containing d iffe ren t chain len g th s possessed  therm al 

motion (v ibration , oscillation and  ro ta tion) and th is therm al 

d istu rbance  would be p ropagated  along the  chain for a considerable 

leng th  toward the  polar head p a r t .  The mixed monolayer would be 

expanded and have a g rea te r  average  area- p e r  molecule. 

T herefo re , the absolute P value will be decreased  by th is  therm al 

motion as a re su lt of the  increased  d istance betw een the in te rac ting  

su rfac tan t molecules. The g re a te r  in terac tion  between two 

su rfac tan ts  having the  same chain len g th  can then  be explained by  

the  absence of th is  therm al motion fac to r.

2 - 3  Effect of the Ionic Strength of the Solution

Figure 48 shows the  cu rves of adhesion tension vs. log Ĉ . for 

C^2 (EO)g, C^SO^Na ancj th e ir  m ixtures in quartz -ccndensed  w ater 

and in 0 .1  N and 0.5 N to tal ionic s tre n g th s  ad justed  with NaCl, a t
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the  L /T  in te rface . The corresponding  ?fjv values were obtained 

from the data of refe rence  (27).

Table A - 20 lis ts  th e  values of 3 and  A fo r th ese  nonionic-av
anionic system s, C ^C EO Jg-C ^SO aN a and (^ (E O Jg-C ^S O fcN a a t the 

L /T  in te rface, fo r th e  zw itterionic-anionic system , C^BMG- 

C ^SO aN a, in quartz -condensed  w ater and  in  0 .1  N IS (NaBr) a t 

th e  L /T , L /P ara  and L/Poly in te rfaces , and  fo r the  cationic-anionic 

system , C^TM ABr-C^gSOaNa, in quartz -condensed  w ater a t the  L /T  

and L/Poly in te rfaces and in the  0 .1  N IS (NaBr) a t th e  L /T  and 

L /P ara  in te rfaces.



Table A ;  20

Effect of the Ionic Strength of Surfactant Solution on 3 and

A values av

System In terface  Medium A Pav
-2nm

C 12( E O ) 8 " C 12S ° 3 N a  L / T

C 12 ( E O ) 8 " C 12S O ‘ , N a  L / T

C12BMG-C12S 0 3Na L /T

L /P ara

L/Poly

C12TMABr-C10SO3Na L /T

L/Poly

L /P ara

0.78 -1 .7

0.57 -2 .9

H20  0.82 -1 .1

0 . IN IS (NaCl) 0.58 -2 .1

0.5N IS (NaCl) 0.54 -1 .7

H20  

0 . IN IS (NaCl)

0.5N IS (NaCl) 0.53 -2 .7

H20  0.56 -4 .5

0 . IN IS (NaBr) 0.47 -6 .2

H20  0.49 -4 .8

0 . IN IS (NaBr) 0 .44s -6 .7

H20  0.70 -1 .6

0 . IN IS (NaBr) 0.62 -3 .1

H20  0.39 -28.8

0 . IN IS (NaBr) 0.40 -14.1

H20  0.59 -26.6

0 . IN IS (NaBr) 0.38 -15.3
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The data in Table A - 20 indicate that the surfactant

in terac tion  in  the  two nonionic-anionic system s increases w ith 

increase  in  the  ionic s tre n g th  of the  solution to 0 .1  N IS, b u t 

decreases w ith fu r th e r  increase  in the  ionic s tre n g th  to 0 .5  N IS. 

T hese re su lts  a re  consisten t with those obtained in  th is  labora to ry  

a t the  L/V in te rface  (27).

The e lec trosta tic  component of the  a ttrac tiv e  in teraction  

betw een the  su rfa c tan t molecules in the  in terfacial monolayer would 

be expected  to decrease  w ith increase in the  ionic s tre n g th  of the 

solution due to  compression of the  electrical double layer 

su rro u n d in g  the  ionic head groups. The explanation fo r the

in terac tion  increase  w ith increase  in  ionic s tre n g th  to 0 .1  N IS is 

th a t some of th e  oxygen in the  polyoxyethylene chain forms a 

complex w ith th e  sodium ion, in a m anner similar to  a crown e th e r 

(135), p roducing  a positive charge on th e  nonionic su rfa c tan t. T his 

causes in te rac tion  of th e  nonionic su rfa c tan t w ith the anionic 

su rfa c tan t as a p a rtia l cationic-anionic in terac tion . T his is  consisten t 

w ith p rev ious investigations in th is  labora to ry  showing th a t 

polyoxyethylenated nonionic su rfac tan ts  have a s tro n g e r in teraction  

with anionic su rfa c tan ts  a t the  L/V in terface  th an  with cationic

su rfa c tan ts  w ith the  same num ber of carbon atoms in the

hydrophobic chain (25). I t  was also found th a t the  in teraction  for

C ^fE O Jg-C ^S O aN a Sy Stem in 0.1 N IS (NaCl) a t the  L/V in terface 

decreases (shows a less negative 5 value) w ith increase in  pH of the 

solution (27). The formation of a complex betw een su rfac tan ts
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having a crown e th e r  a ttached  to a long-chain  alkyl g roup and alkali 

ions has been investiga ted  by  Okahara and cow orkers (135). The 

logarithm  of the  complexing stab ility  constan t fo r octy l 18-crown-6 

and potassium  chloride is 1 .7 . The additive of an anionic su rfa c tan t 

trem endously favors the  formation of the  complex. The log of the  

constan t for C^2(EO)gNa+ is about 7 in p resence  of C ^SC ^N a (136). 

These data all su g g est th a t polyoxyethylenated nonionic su rfac tan ts  

can form a cationic complex with sodium ion in aqueous solution, in 

the  p resence  of an  anionic su rfa c tn t.

As the  ionic s tre n g th  is fu r th e r  increased  to  0 .5  N, the  

in terac tion  decreases. T his is because the usual decrease  in 

e lectrosta tic  in terac tion  betw een su rfac tan ts  as a re su lt  of increase  

in ionic s tre n g th  overcomes the increase due to increased  complex 

formation with increase in sodium ion concentration (th e  complex is 

sa tu ra ted  with sodium ion and only increases sligh tly  with the  

increase  of the  concentration of sodium io n ) . The values of average 

area  p e r  su rfac tan t a re  consisten t with the  re su lts . As th e  ionic 

s tre n g th  changes to  0 .1  N, the  A values change significantly
8 1 V

because 1) the  formed complex increases the  in te rac tion  w ith the

anionic su rfac tan t and 2) th e  increasing  ionic s tre n g th  lowers the

repulsion  between rem aining charge on similarly charged  su rfac tan t

molecules. The A value is only decreased  sligh tly  w ith fu r th e rav
increase  in ionic s tre n g th  because the repu lsive  force betw een the  

su rfac tan ts  having  similarly charged head g roups has a lready  been 

decreased  by  the  increase  in ionic s tre n g th .
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The 3 values fo r th e  C^BM G -C^SO aN a system  a t the  L /T , 

L /P ara  and L/Poly in te rfaces become more negative  as the  ionic 

s tre n g th  of the  solution is increased  to 0 .1  N IS. The reason is 

similar as th a t fo r the  nonionic-anionic system s. In  a m anner 

similar to the  formation of a sa lt, C ^H ggN fC H a^O H ^C jgSO a , 

betw een N,N-dim ethyldodecylam ine oxide and  potassium  

dodecanesulfonate, postu la ted  by  Rosen e t al (137), th e  hypothesis 

of a p ro tonated  beta ine, C^BMGH*, in the  p resence  of a small 

concentration  of p ro ton  (pH = 5.85) was used  to  explain  the  high 

in terac tion  betw een C^BMG and C^SO ^N a a t the  L/V  in terface. 

And it  is p roved  by the  elemental analysis of the  crystalline 

p rec ip ita te  betw een C^BMG and C^SO aN a (138). In  the  case of 

C^BM G, no complex can be formed with sodium ion, since sodium 

ion is not an acidic ion. T herefore the  large  decrease  in average 

area  p e r  su rfac tan t molecule with increase in ionic s tre n g th  to 0 .1  N 

p robably  is the  cause of the  increase in the  in terac tion .

For the  cationic-anionic su rfac tan t m ix ture, C^TM A Br- 

C ^SO aN a, the  8 value is trem endously changed (to less negative 8 

value) w ith increase  of ionic s tre n g th  to  0 .1  N IS, as expected . As 

mentioned before, the  e lectrostatic  a ttrac tiv e  force betw een the 

cationic and anionic heads is the  dominant contribution  to the  

in terac tion  of su rfa c tan ts . The e lec trosta tic  force significantly  

decreases w ith increase  in the  ionic s tre n g th  of the  solution. The 8 

value in 0 .1  N IS is about half of th a t in the  absence of added 

e lectro ly te  a t th e  L /T  in te rface . T his is  consisten t w ith th a t a t the
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L/V in te rface  [p is -35.6 fo r C^TM ABr-C^gSOaNa in q u a rtz -  

condensed w ater and is -19.7 fo r the  same system  in 0 .1  N IS 

(N aB r)].

2 - 4  E ffect of S u rfactan t S tru c tu re

Table A - 21 lis ts  the  in terac tion  param eters and  average 

a reas p e r  su rfac tan t molecule a t the various liqu id /hydrophob ic  solid 

in te rfaces fo r nonionic-anionic, zw itterionic-anionic and cationic- 

anionic m ixture system s in  the absence and  presence  of excess 

inorganic e lectro ly te .

For the  system s of (^ (E O Jg -C ^ S O a N a , C^B M G -C ^SO aN a 

and C ^N B r-C ^S O aN a a t the  same ionic s tre n g th  (0 .1  N N aB r), the  

hydrophobic chain leng th  was constan t fo r all su rfa c tan ts  and  the  

same anionic su rfac tan t was used . The data  in Table A - 21 show 

th a t the  in terac tion  between the  su rfac tan ts  is affected  by  the  

n a tu re  of th e  head groups of the  two su rfa c tan ts  and  th a t it 

increases w ith increase in e lectrostatic  in te rac tion  in the  o rd er: 

polyoxyethylenated nonionic-anionic < zw itterionic-anionic < cationic- 

anionic. T his is the  same o rd er as was found a t the  L/V in terface 

and in mixed micelle formation in aqueous solution (120).



136

Table A ;  21

Effect of Surfactant Structure on 0 Values

System Mediun In terface  Aflv 0

nm"2

Ci2 (E 0 )8-C 12S 0 3Na 0.1N IS(NaCl) L /T  0.58 -2 .1

C12BMG-C12S 0 3Na 0.1N IS (NaBr) L /T  0.47 -6 .2

L /P ara  0 .44s -6 .7

L/Poly 0.62 -3 .1

C12N B r-C 12S 0 3Na 0.1N IS (NaBr) L /T  0 .315 -16.7

L /P ara  0.31 -17.3

C12(EOV C12SO<,Na ° ' 1N IS<NaC1) L/ T °*57 _2-9

C12TMABr-C12SOi,Na H20  L /T  0.44 -30.6

L /Poly 0.55 -26.7

C12TMABr-C10SO3Na H20  L /T  0.46 -28.8

L/Poly 0.56 -26.6

C12TMABr-C10SO3Na 0.1N  IS (NaBr) L /T  0.51 -14.1

L /P ara  0.49 -15.3

C12N B r-C 10SO;,Na 0.1N  IS (NaBr) L /T  0.35 -14.-2

L /P ara  0.32 -15.5
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Comparing the  & values o£ (^ (E O Jg -C ^ S O sN a  with 

C j2 (EO)g-C^2SOi,Na in aqueous 0 .1  N IS (NaCl) and  th a t between 

C^TM ABr-CjgSOaNa and C ^TM A B r-C ^SO ^N a in quartz-condensed  

w ater, the  data  show th a t the  in te rac tions of cationics o r nonionics 

w ith alkyl su lfates a re  somewhat s tro n g e r th an  those w ith the 

corresponding  su lfona tes.

The previous data a t the  L/V in terface  (27) for 

polyoxyethylenated nonionic-anionic system s shown th is  same 

phenomenon and the  g rea te r  polarizability  of the  su lfate  group than  

th e  sulfonate g roup , due to the  oxygen atom betw een carbon and 

su lp h u r, was used  as a explanation. T his can be also used  here  to 

explain the data a t the liqu id /hydrophobic  solid in te rfaces .

The data  in Table A - 21 also show th a t the  in teraction  

betw een C ^ N B r and C^SOjjNa is similar as th a t betw een C^TM ABr

and  C10S 0 3Na. But the smaller A of the  form er would be
j l z  a v

expected  to produce s tro n g e r in te rac tion . The similar values of P 

su g g est th a t the  contribution of the smaller d istance betw een the 

su rfa c tan t molecules is counteracted  by the  e ffect of positive charge 

d ispersion  in the  pyrid ine rin g , due to the  conjugated e lectrons.

Based upon our da ta , we may conclude th a t  the  o rd e r of 

increased  in teraction  between su rfa c tan t molecules in mixed 

monolayers a t the  liqu id /hydrophobic  solid in te rface  is similar as 

th a t a t the  liq u id /a ir  in terface and in the  mixed micelle (24): i . e . ,  

polyoxyethylenated (POE) nonionic-POE nonionic < POE nonionic-
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betaine < betaine-cationic < POE nonionic-ionic (cationic, anionic) «  

betaine-anionic «  cationic-anionic. T herefo re  the  possib ility  of 

synergism  ex isting  a t liqu id /hydrophob ic  solid in te rface  is prim arily 

in cationic-anionic m ixture system s and  th en  in  betaine-anionic 

m ixture system s.

2 - 5  Conclusions

1. The in terface does have a major e ffect on the  value of P, 

the  in terac tion  param eter fo r mixed monolayer form ation. A ttractive  

in terac tion  betw een th e  two su rfa c tan ts  in th e  m ixture decreases 

with change in the  n a tu re  of the  in te rface  in o rd e r: L/V  > L /P ara  > 

L /T  > L/Poly. The average a rea  p e r  su rfa c tan t molecule a t the  

in terface increases in the  same o rd e r.

2. For b inary  m ixtures of su rfa c tan ts  w ith s tra ig h t alkyl chain 

hydrophobic g roups the  in teraction  increases with increase  in the  

carbon num ber of e ith e r su rfac tan t and  th e  maximum in teraction  

occurs when th e ir  alkyl chains contain th e  same num ber of carbon 

atom s.

3. For cationic-anionic su rfa c tan t m ixture system s the 

in terac tion  between the  d ifferen t su rfa c tan t molecules in the  

monolayer decreases with increase  in ionic s tre n g th  of th e  solution 

phase to 0 .1  N. The increase  in in terac tion  w ith increase  in ionic 

s tre n g th  fo r polyoxyethylenated nonionie-anionic m ixture system s is 

due to cationic complex formation betw een oxygen of the
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polyoxyethylene chains and  alkali ion.

4. The n a tu re  of th e  chemical s tru c tu re s  of th e  hydrophilic 

g roups of the  two su rfa c tan ts  has a significant effect on the  ex ten t 

of in teraction  betw een them . In general, th e  in terac tion  decreases in 

the  o rd e r: cationic-anionic »  betaine-anionic »  polyoxyethylenated 

nonionic-anionic.
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IV.A.3 Synergism at the Liquid/Hydrophobic Solid Interface

In all w etting p ro cesses , the  so lid /liqu id  in te rface  is 

increased . Since work is req u ire d  to c rea te  additional in te rface , it  

is im portant, for the  p u rp o ses of facilita ting  a w etting  p rocess , to 

reduce  the  value of I t is also u se fu l to know the  concentration

of su rfac tan t in the  liquid  phase req u ire d  to obtain  a given value of 

(reduction ). When m ix tures of su rfa c tan ts  a re  u sed , it  is 

im portant to know w hether the  m ixture will decrease  more

efficiently  o r less efficien tly  th an  th e  indiv idual su rface-ac tive  

components of the  m ixture.

3 - 1  Synergism in Interfacial Tension Reduction Efficiency at 

the Liquid/Hydrophobic Solid Interface

The efficiency of su rface  tension  reduction  by  a su rfac tan t is 

defined by Rosen (139) as th e  solution phase concentration  req u ired  

to produce a given su rface  tension  ( re d u c tio n ) . Synergism  in 

in terfacia l tension reduction  efficiency a t a liqu id /hydrophob ic  solid 

in terface  is p resen t in a solution of mixed su rfa c tan ts  in contact 

w ith a hydrophobic solid when a given S /L  in te rfac ia l tension 

(reduction) can be obtained a t a to ta l mixed su rfa c ta n t concentration 

in the  solution phase lower th an  th a t req u ire d  of any  component of 

the  m ixture.

The su rfac tan t in te rac tion  param eters , fl, and  values of
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In C 1° /C 2° + (B j - B2) fo r various m ixtures in aqueous solution in

the absence of added electro ly te  and  a t 0 .1  N IS (NaBr o r NaCl) a t

the  L /T , L /P ara  and  L/Poly in te rfaces , to g e th er w ith the  solid-

liquid in terfacial tension , values a t which th ey  were taken , are

lis ted  in Table A - 22. (S values were calculated by  su b s titu tin g  X,

obtained by num erically solving Eq. [11-37], into equation [11-36].

In o rd er to perm it intercom parisons of the  re su lts  from d ifferen t

in terfaces, the  value of was kep t constan t. was evaluated

from Eq. [11-41] by  assum ing th a t the  so lid -vapor in terfacial

tension, 2f , is equal to the  critical surface tension , Z , for low- sv c
energy  solid surface and using  2f equal to 18, 24 and  31 mN-m * 

fo r Teflon, Parafilm and polyethylene (90), respec tive ly . The areas 

p e r  su rfac tan t molecule in monolayers of the individual su rfac tan ts , 

A i° and A2° , and  the  average  area  p e r su rfa c tan t molecule in the 

mixed monolayers, Aa v , were calculated from the  su rface  excess 

concentration, T, by  using  Eq. [1-15]. In electro ly te  solutions 

containing a swamping excess of counter-ion  in common with the 

su rfac tan t, the  surface excess concentrations of th e  individual 

su rfac tan ts , Tx0 and r 2° ,  and the  to ta l su rface  excess concentration 

of th e ir  m ixture 1^, could be obtained by using  Eqs. [1-10] and 

[1-14], respective ly . The rela tive  values of C i° , C2° , C x and C2 

were obtained from th e  p lo ts of Y^CosB v s . log C in F igures 28 ~ 

30, 32 ~ 39 and 49.

The surface tension  data  of C ^ E O Jg -C ^ S O a N a  in the 

aqueous solution w ithout inorganic e lectro ly te and w ith excess
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electro ly te (sodium chloride) of 0 .1  N and  0 .5  N to ta l ionic s tre n g th  

were taken  from refe rence  (27).

Plots of In Cj., th e  napierian  logarithm  of to tal concentration

of mixed su rfa c tan ts  to y ield a in te rfac ia l tension of 40 mN-m * a t
-1the L/V in te rface  and 18 mN-m a t the  liqu id /so lid  in te rfaces, 

v e rsu s  the  molar frac tion  of C^BMG in the  to ta l su rfac tan t in the  

bulk phase fo r the  C j2BMG-C^2S 0 3Na system  in  0.1 N IS

(NaBr) aqueous solution a t the L /V , L /T , L /P ara  and L/Poly 

in te rfaces a re  shown in F igures 50, 51, 52 and 53, respective ly .

F igures 54, 55 and 5G show the  cu rv es of In C .̂, given a 

in terfacia l tension  of 45 mN-m * and 24 mN-m * a t the  L/V and L/S 

in te rfaces, v s . o fo r the  CgNBr-C^2S 0 3Na m ixture system  in the  

p resence of excess NaBr of to tal 0 .1  N ionic s tre n g th  a t the  L/V , 

L /T  and L /P ara  in te rfaces , respec tive ly .

It is ap p aren t from th e  data  in Table A - 22 th a t the  

synergism  in in terfac ia l tension  reduction  efficiency fo r C^TM A Br- 

CjQS03Na and C j2BMG-Cj2S 0 3Na mixed system s is p red ic ted  by  the  

conditions of 1) 5 being negative 2) |ln  C i° /C 2°  + (B x - B2) | <

10 1, and  it  is found experim entally  in  th e  absence or presence of 

excess inorganic e lectro ly te  a t the  L /T , L /p a ra  and  L/Poly (except 

fo r c 12b m g - c  j 2S 0 3Na in th e  absence of added  inorganic electrolyte) 

in te rfac es .
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Table A - 22

Synergism  in In terfac ia l Tension Reduction Efficiency a t 

Various In terfaces

System Interface * isi
mN-m *

M* & P red i. Exp.

C12TMABr-C10SO3Na L /T 24 -1.36 -28.8 Yes Yes

H20 L/Poly 24 . -1.16 -26.6 Yes Yes

C12TMABr-C10SO3Na L /T 24 -2.42 -14.1 Yes Yes

0 .1  N (NaBr) L /P ara 24 -2.40 -15.3 Yes Yes

C j2BMG-C^2S 0 3Na L /T 18 -2.45 -6 .2 Yes Yes

0 .1  N (NaBr) L /P ara 18 -2.32 -6 .7 Yes Yes

L/Poly 18 -2.10 -3 .1 Yes Yes

C12BMG-C12S 0 3Na L /T 18 -4.34 -4 .5 Yes Yes

h 2o L /P ara 18 -4.31 -4 .8 Yes Yes

L/Poly 18 -4.28 -1 .6 No No

C12 (E 0)g-C ^2S 0 3Na 

0 .1  N (NaCl)

L /T 17 -3.98 -2 .1 5 No No

C12(EO)8 'C12S° 3Na L /T 17 -5.50 -1 .1 No No

H20

a . M = In C 1° /C 2°  + (B x - B2)
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Table A - 22 also l is ts  the  data  fo r C ^ E O Jg -C ^ S O a N a  

m ixtures in  0 .1  N IS (NaCl) and aqueous solution w ithout excess 

e lectro ly te a t the  L /T  in te rface  and C^B M G -C ^SO aN a in  aqueous 

solution w ithout e lectro ly te  a t the  L/Poly in te rface . T hese system s 

do not show synergism  in  in terfacial tension reduction  efficiency 

experim entally. And i t  is  coincident w ith c rite rions fo r synergism . 

A lthough the  values of P a re  negative (the  f i r s t  condition is 

sa tisfied) the  values of |ln  C 1° /C 2° + (B j - B2) |  is  la rg e r  th an  th a t 

of |0 | ,  the  second condition is not satisfied .

I t  is notew orthy th a t ,  in all system s investiga ted  (except 

Cj^BM G-C^SOaNa jn ab sence Qf electro ly te  a t  L /Poly in te rface ), 

th e re  was a consistency betw een synergism  (or lack thereo f) a t the  

aqueous so lu tion /a ir in terface and a t the  aqueous 

solution/hydrophobic solid in te rfaces.

Table A - 23 lis ts  some values of the  minimum to ta l mixed 

su rfac tan t concentration fo r synergism  to ex is t, Ĉ . j ^ ,  the  mole 

frac tion  of su rfac tan t 1 in th e  to ta l su rfac tan t in th e  bu lk  phase a t 

the  point of maximum synergism , a , and  the minimum mole fraction  

of su rfac tan t 1 in th e  to ta l su rfac tan t in the  bulk  phase a t which 

synergism  ex is ts , fo r th e  C^BM G -C^SO aN a system  in 0 .1  N

IS (NaBr) a t the  L/V , L /T , L /P ara  and L/Poly in te rfaces . The 

calculated values were obtained by using  Eqs. [11-24], [11-23] and 

[11-25], [11-26] and th e  experim ental values were obtained from the
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correspond ing  F igures 31, 32, 33 and 34. T here  is good agreem ent 

betw een calculated and experim ental values. The d ifference between 

experim ental and  calculated values a t the  L /Poly in te rface  is a little  

la rg e r  th an  th a t a t the  L/V , L /T  and L /P ara  in te rfaces . T his is 

consisten t with the  observation  th a t the  contact angle rep roducib lity  

a t the  L/Poly in terface  is lower than  th a t a t the  L /T  and L /P ara  

in te rfa c e s .



Table A ;  \ 
Values 

a t 25 °C , IS

In terface

L/V

L /T

L /P ara

L/Poly

o£ Ct,min> “* and “lira to r  C12BMG-C12S 0 3Na 

= 0 .1  N (N aB r).

y

mN-m *

4 .9 x l0 '5 .0 .6 8

4 .7x l0~5 0.66

8 .5 x l 0 5 0.73

8 .9 x l0 "5 0.70

9. 3xlO~5 0.70 

8 .9x l0~5 0.67

5 .4 x l0 "5 0.82

6 .3 x l0 "5 0.84

45 Experim ental

Calculated

18 Experim ental

Calculated

18 Experim ental

Calculated

18 Experim ental

Calculated

C

mol-dm
t,m in 

-3
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M ixture

“lim

0.23

0.22

0.29

0.29

0.24

0.23

0.43

0.47
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The experim ental and calculated values of and  o for

th e  cationic-anionic su rfa c tan t system  (CgNBr-Ĉ SOaNa) jn o.l N 

IS (NaBr) a re  lis ted  in Table A - 24. The agreem ent between

calculated values and experim ental re su lts  fo r th is  system  is even

b e tte r  th an  th a t fo r zw itterionic-anionic m ixture system .

For all the  investigated  system s (cationic-anionic, zw itterionic- 

anionic, nonionic-anionic su rfa c tan t m ixtures in the  absence or 

p resence  of excess inorganic electro ly te) the p red ic ted , based upon 

nonideal solution theo ry , synergism  in in terfac ia l tension  reduction  

efficiency (or lack thereof) and experim ental re su lts  show good 

agreem ent a t the  aqueous solution/hydrophobic solid in te rfaces. 

T here  is also good agreem ent between calculated values and

experim ental re su lts  for Ĉ . mjn> “ and in the  system s where

synergism  ex is ts .
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Table A ;  24
}jt

Values of mjn  and  o fo r C gN B r-C ^SO aN a Mixture at 

25 °C, IS = 0.1 N (N aB r).

In terface  % C. . v ot,m in
- I  ~3mN-m mol-dm

L/V 45

L /T 18

Experim ental

Calculated

Experim ental

Calculated

3.7x10 -4

3.7x10 -4

3.9x10 -4

4.3x10 -4

0.35

0.34

0.33

0.35

L /P ara 18 Experim ental

Calculated

3.8x10

4.0x10

0.34

0.34
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3 - 2  Conclusions

1. The nonideal solution trea tm en t of molecular in te rac tion  in 

b inary  m ixtures of su rfac tan ts  can be used  a t the  

liqu id /hydrophobic  solid in te rfaces . T his perm its the  calculation of 

p, a param eter re la ted  to the  molecular in te rac tions betw een the  two 

su rfa c tan ts , and  X, the  mole fraction  of su rfa c tan t 1 in the  to tal 

su rfac tan t in the  mixed monolayer a t th a t in te rface .

2. The conditions u n d e r which synergism  in in terfacia l tension 

reduction  efficiency will ex is t a t th a t in te rface  a re : 1) 3 is

negative; 2) the  absolute  value of 3 is la rg e r  than

|ln  C i° /C 2°  + (B x - B 2) | . T here  is good agreem ent between

pred ic ted  and experim ental re su lts  fo r synergism  (or lack thereof) 

a t the  liqu id /hydrophobic  solid in te rface .

3. The equations th a t have been d erived  fo r the  calculation of 

minimum to ta l mixed su rfa c tan t concentration  in th e  solution phase 

req u ired  to p roduce a given value of in te rfac ia l tension , Ĉ . mjn > the 

limiting (minimum) mole fraction  of su rfa c ta n t 1 in the  to ta l 

su rfac tan t in  the  solution phase a t which the  synergism  e x is ts , a ^ ,  

and  the  mole frac tion  of su rfac tan t 1 in th e  to ta l su rfac tan t in the 

bulk phase a t the  point of the  maximum synergism , a , give 

calculated values fo r these  quan tities th a t ag ree  well w ith the 

experim ental re su lts .
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IV. B Thermodynamic C h arac te ris tic s  of S u rfac tan ts  in In terfacial 

Monolayers

IV .B .l  The S tandard  F ree  E nergy  of A dsorption of Individual 

S u rfac tan ts

The s tan d a rd  free  en erg y  of adsorp tion  fo r individual

su rfac tan ts  was calculated by  use  of equation f 1-25]. The minimum

area  p e r molar su rfa c ta n t. A . , was calculated from the  slope of* m m .

(or Y^Cos 0) v s . log C cu rve  a t th e  lin ear p a r t . The

adhesion tension  co rrespond ing  to  tt = 20 mN-m * is -6 .97 , -7.55 

and 16.23 mN-m * a t the  L /T , L /P ara  and  L/Poly in terfaces, 

respec tive ly . The D ebye-H uckel equation , Eq. [1-26], was used  to 

evaluate the  ac tiv ity  coefficients in  which I is  th e  ionic s tre n g th  

based on the  free  ions in th e  solution, a is th e  mean distance 

approach  of the  ions (taken  as 0 .6  fo r the  su rfa c ta n t and  0 .3  for 

the  counterions) (140) and B is re la ted  the  d ielectric  constant of 

solvent and is 0.509 fo r q u artz -condensed  w ater a t  25 °C.

The s tan d a rd  free  en e rg y  of adsorp tion  fo r nonionic

(C^2 (EO)g), zw itterionic (C ^B M G ), anionic (C ^S C ^N a, C^SO^Na) 

and cationic su rfa c tan ts  (C ^T M A B r), each containing a s tra ig h t-  

chain hydrophobic g roup , in d iffe ren t ionic s tre n g th  solutions, 

a t various in te rfaces , a re  lis ted  in Table A - 25. At all th ree  

d ifferen t ionic s tre n g th s  the  s tan d ard  free  energ ies of adsorption 

for the  nonionic su rfa c tan t ( ( ^ (E O J g )  a re  almost constan t (the



deviation is w ithin the  experim ental e rro r)  a t the  L/V and L /T  

in te rfaces. The data  fo r th e  zw itterionic su rfa c tan t (C^BM G) a t 

the  L /V , L /T , L /P ara  and  L/Poly in te rfaces also show ionic s tre n g th  

independence. B ut fo r th e  ionic (anionic and cationic) su rfa c tan ts , 

the  values calculated in  th e  absence of added  inorganic e lectro ly te 

a re  more somewhat negative  than  th a t in th e  p resence of e x tra  

electrolyte a t all the  investiga ted  in te rfaces . The value of the  

s tandard  free  en erg y  of adsorp tion , u sing  activ ity  coefficients, 

should be constan t w ith change in the  ionic s tre n g th  of the 

solution. The more negative AG0^  value in th e  absence of added 

electrolyte is due to  th e  assum ption th a t the su rface  concentration 

of su rfac tan t coun ter-ion  is equal to th a t of su rfac tn a t ion in the 

monolayer. The h igher value of AG°a^  indicates th a t the  surface 

concentration of counterion is lower th an  th a t of su rfac tan t ion in 

the  monolayer in the  absence of added electro ly te . This is 

consistent w ith the  concept of the  electrical double layer containing 

a d iffuse region of counterion ex tend ing  in to  th e  solution phase. 

T herefore , the  values, calculated in the  p resence  of excess 

electro ly te , a re  more reliab le  than  those obtained in the  absence of 

added electro ly te .
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Table A - 25

The S tandard  Free E nergy of A dsorption in D ifferent Ionic 

S tren g th  Solutions a t Various In terfaces

System Medium In terface  ^*°ad

KJ-mole *

C12BMG H20  L/V -42.2

L /T  -43.2

L /P ara  -44.7

L/Poly -41.0

0 . IN IS (NaBr) L/V -42.6

L /T  -43.0

L /P ara  -44.2

L/Poly -41.2

C12(E °)8  H20  L/V -47.6

L /T  -47.4

0 . IN IS (NaCl) L/V -48.0

L /T  -47.3

0.5N IS (NaCl) L/V  -48.1

L /T  -46.8

C12S03Na H20 L/V -53.7

L/T -56.5
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L /P ara  -57.6

L/Poiy -54.8

0.1N IS (NaBr) L/V -51.7

L /T  -52.4

L /P ara  -53.4

L/Poly -51.5

C^SOftNa H20  L/V -54.0

L /T  -58.3

0.1N IS (NaCl) L/V -52.3

L /T  -53.5

C12TMABr H20  L/V -52.4

L /T  -56.6

0 . IN IS (NaBr) L/V -51.6

L /T  -52.4
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The difference in the  value in th e  absence  and  in the  

p resence  of excess e lectro ly te , AG°a{j, is 1 ~ 2 KJ-mol ^ a t the  L/V 

in te rface , which means th a t the  su rfa c tan t ion /coun terion  ra tio  in 

the  monolayer is sligh tly  la rg e r  th an  1. At th e  L /S  in te rfaces the  

difference is ra ised  up to about 4 KJ-mol The la rg e r  d ifference 

a t the  L/S in terfaces may re flec t the  smaller e lectrica l charge 

density  a t those in te rface , compared with th a t a t th e  L/V  in te rface, 

as evidenced by  the  la rg e r  a rea  p e r  su rfa c tan t molecule a t the  L/S 

in te rfaces . As the  electrical charge  d en sity  d ecreases , the  

su rfac tan t ion/counterion  ra tio  should become la rg e r , p roducing  a 

la rg e r  AG°a(j value.

For all the investiga ted  su rfa c tan ts  ex cep t C ^ fE O Jg , the  

s tan d a rd  free  energy  is changed to a more negative  value in the  

o rd er: L/V ~ L/Poly L /T  L /P ara . The more negative  values a t 

liqu id /hydrophobic  solid in te rfaces re flec t s tro n g e r  adsorp tion  than  

th a t a t the  L/V in te rface . More negative  AG°a^  values at 

hydrocarbon  organic liqu id /aqueous solution in te rfac es  have been 

obtained in th is  laborato ry  fo r C ^SO ^N a and C^BM G . M ukerjee's 

da ta  (52) show th a t the  free  energ ies of adso rp tion  fo r hydrocarbon  

and  fluorocarbon su rfac tan ts  a t the  L/V in te rface  a re  less negative 

values than  th a t a t the  hexane/w ater and  perfluo rohexane/w ater 

in te rfaces , respec tive ly . T he probable explanation  is th a t besides 

the  hydrophobic chain in terac tions of the  su rfa c ta n t molecule th e re  

ex is t van d e r Waals in te rac tions betw een th e  hydrophobic  solid 

surface  and the  hydrophobic chains of th e  su rfa c ta n t. A nother
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reason is th a t the repu lsion  force betw een sim ilarly-charged the 

head g roups of the adso rbed  su rfac tan t, decreases w ith increase in 

the  distance betw een them . T herefo re , the  free  energy  of 

adsorp tion  should be more negative w ith the  increase in  the a rea  

p e r  su rfac tan t molecule from the  L/V in terface  to  the L/S 

in te rfaces . The sm allest values a t the L/Poly in terface is due to 

the partia l polar p ro p e r ty  of the  solid su rface . The mutual 

phobicity (126,127,128,129,130,131) betw een the  hydrocarbon  chains 

of the  su rfa c tan t molecules and the  fluorocarbon solid surface  causes 

the  interm ediate values a t th e  L /T  in te rface . The comparable data 

a t S /L  in te rfaces are  lim ited.

The standard  free  energ ies of adsorp tion  fo r C^CEOJg show

similar values a t the  L/V and the L /T  in terfaces a t various ionic

s tre n g th s . For nonionic su rfac tan ts  the  head repu lsive  force

change w ith the  d istance betw een the  adsorbed su rfac tan t molecules

makes no contribution  to th e  AG° , value.ad

Tables A - 26, 27 and 28 lis t the stan d ard  free  energ ies of 

adsorp tion  and  the changes (AAG°atj) in AG0^  upon adding  two 

m ethylene groups (-C H 2-) to a hydrocarbon  chain in homologous 

series of anionic and cationic su rfac tan ts  a t the  L/V , L /T  and 

L /P ara  in te rfaces , resp ec tiv e ly .

From the  data in Table A - 26, AAG0^  p e r m ethylene group 

a t the  L/V in terface is -3 .1  KJ-mol * is not dependent on the head 

group . Previous stud ies (141) have shown th a t AAG° , values for
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m oderate to h igh  chain leng th s a re  likely to be independent of head- 

group e ffec ts . The value of -3 .1  KJ-mol * p e r  m ethylene group 

adsorp tion  is in  good agreem ent with the  values of -3 .05 ~ -3.15 

KJ-mol * fo r N -alkyl, N -benzyl, N-m ethylglycines and  N -alkyl, N- 

benzyl, N -m ethyltaurines (110) and fo r long-chain  alcohols and 

1,3-d io ls (54) a t th e  L/V in te rface .

At the  L /T  and L /P ara  in terfaces the  values of AAG°a£j, show 

in Table A - 27 and 28, a re  smaller th an  the co rresponding  values 

a t the  L/V in terface and decrease with increase  of th e  len g th  of 

hydrophobic chains. Both of these  indicate th a t a "s te ric

inhibition" effect ex is ts  in adsorption a t the  L/S in te rfaces . The 

less negative values of AAG°a<̂  a t the L /T  in te rface , compared w ith 

th a t a t the  L /P ara  in te rface , is due to  the  m utual phobicity  e ffect 

betw een hydrocarbon  chains of su rfac tan t molecule and fluorocarbon 

solid su rface , causing th e  contribution of hydrophobic in te rac tions 

betw een hydrocarbon  chains and hydrophobic su rface  upon adding  

m ethylene groups to the  long-chain  in the  form er case to  be less 

th an  in the  la tte r . Unlike the  case a t the  L/V in te rface , h e re  the  

AAG°acj values appear to be dependent on the  head g roup  of 

su rfa c tan ts  a n d /o r  on the  leng th  of the  hydrophobic g roup .

P erhaps the  increased  repulsion  between sim ilarly-charged head 

g roups which accompanies the  decrease in area  p e r  su rfa c tan t 

molecule with increased  chain length  is not coun ter balanced as 

much, in th e  case of the  L /T  or L /P ara  in te rfaces, by  chain-chain

in te rac tions because of bending of th e  chains. Note: somewhat
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la rg e r  a rea  p e r  su rfac tan t a t the  L /T  and L /P ara  in terfaces, 

compared to th a t a t the L/V  in te rface. In case of the  L /T  in terface 

th ere  is also the "mutual phobicity" of the  fluorocarbon and 

hydrocarbon  chains which might decrease the  AAG°a^ p e r  methylene 

group even more.
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Table A - 26

The S tandard  Free E nergies of A dsorption of S u rfac tan ts in 

0 .1  N IS (NaBr) a t the  L/V In terface

System A . mm.
nm

CgNBr

CioMBr

C ^ N B r

0.61

0.57

0.53

C^gSOaNa 

' 12*
C„oS 0 3Na

0.43

0.42

C12TMABr

C14TMABr

0.51

0.47

AG ad
KJ-mol -1

AAG

KJ-mol
ad
-1

■40.7

-47.0

-53.3

■6.3

-6.3

-45.5

-51.7
- 6 . 2

-51.5

-57.7
-6.2
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Table A - 27

The S tandard  Free E nergies of A dsorption of S urfactan ts in 

0 .1  N IS (NaBr) a t the  L /T  In terface

System min.
nm2

AG ad
KJ-mol

AAG1

KJ-mol
ad
-1

CgNBr

C10NBr

C ^ N B r

0.76

0.70

0.63

-44.3

-49.9

-54.7

-5.6

-4.8

CjgSOaNa

C<oS 0 3Na'12

0.55

0.53

-47.2

-52.4
-5 .2

C12TMABr

C14TMABr

0.59

0.50

-52.4

-56.6
-4.2
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Table A - 28

The S tandard  Free E nergies of A dsorption of S u rfac tan ts  in

0 .1  N IS (NaBr) a t the  L /P ara  In terface

System A . '  mm.
nm2

AG' ad
KJ-mol -1

AAG

KJ-mol
ad

-1

CgNBr

C i0NBr-

C12NBr

0.69

0.67

0.56

■44.3

-50.2

■55.4

-5.9

-5.2

CjpSOaNa

CigSOaNa

0.52

0.50

-47.8

-53.4
-5 .6

C12TMABr

C14TMABr

0.54

0.48

■52.9

-57.9
-5.0
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IV. B. 2 The Free Energy of Adsorption of Mixed Surfactants

The p lo ts of su rface  tension  (o r adhesion tension) v e rsu s
_3

logarithm  of to ta l su rfa c tan t concentration  (in mol-dm ) fo r the  six

cationic-anionic m ixtures of C N Br-C SOaNa (n = 8 , 10, 12; m =n m v > i >
10, 12) ,  all a t equim olar concentrations of cationic and anionic in 

th e  bu lk  phase ( i . e . ,  a = 0 .5 ) , in 0 .1  N IS (NaBr) aqueous solution 

a t the  L/V , L /T  and L /P ara  in te rfaces a re  shown in  F igure 23 ~ 28.

The d ifference betw een the  free  en erg y  of adsorp tion , 

calculated from Eq. [11-50], and a s tan d ard  free  energy  of 

adsorp tion  is th a t the  form er contains the  e x tra  free  energy  of 

adsorp tion  due to the  in te rac tions betw een the  components and 

re la ted  to the  ac tiv ity  coefficients in the  bulk  phase and in the 

in terfac ia l monolayer.

In case of the  cationic-anionic mixed system s, the  v e ry  small 

to ta l bulk  phase concen tra tions, made the  change in the  activ ity  

coefficients in th e  bulk phase with change in the  mole fraction  

negligible. T herefo re , the  main deviation is caused by  the  change 

in activ ity  coefficients a t th e  in te rface  (fs ) . In  o rd e r to obtain 

comparable free  energ ies of adsorp tion  fo r mixed su rfa c tan ts , a 

fixed ra tio  of the  two su rfa c tan ts  in the  monolayer should be 

specified as a s tan d ard  s ta te , fo r example, equimolar.

In  the  case w here the  in terac tion  of th e  su rfa c tan ts  with the 

solvent a re  neg lected , the  activ ity  coefficients in the  mixed
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m onolayer, en tire ly  due to in terac tions of the  two su rfac tan ts , may 

be evaluated  from th e  second term  of the  M argules expansion (Eqs. 

[11-10] and  [11-11]). The value of In f i Sf 2S is a function of the  

in te rfac ia l mole frac tion , X, equal to  3(1 - 2X + 2X2) . Table A - 

29 lis ts  th e  values of X and 3(1 “ 2X + 2X2) fo r six  equimolar mixed 

system s, C^NBr-C^SC^Na, a t the  L/V in te rface . The data show 

th a t the  value of 3(1 "2X + 2X2) is not v e ry  sensitive to the  value 

of X and the  maximum deviation is 8% for the  system  of CgNBr- 

CjL2^ 0 .jNa. T herefo re , data calculated using  equimolar bulk phase 

concentrations in stead  of the  equimolar ra tio  in  the monolayer should 

no t have sign ifican t e r ro r  and a re  comparable.

From the  experim ental da ta  a t equimolar bulk  phase 

concen tra tions, the  free  energ ies of adsorp tion  of th e  mixed 

su rfa c tan ts  a t the  various in te rfaces have been calculated by using  

Eq. [11-50] in the  range  w here the in terface  is sa tu ra ted  with 

su rfa c ta n ts . Here the  assum ption th a t the free  energy  of adsorption  

of w ater (AGjj q ) is equal to zero was used  (109). Based upon the  

Gibbs su rface  definition ( I jj q  = 0 ), the  s tan d ard  free  energy  of

adsorp tion  of w ater (AG°jj q ) should be zero . The portion of free  

en erg y  of adsorp tion  of w ater, corresponding to th e  difference in 

its  ac tiv ity  coefficients in the  surface and bulk  phases is so small 

(43,44,45 ,47 ,48) th a t it does not essentially  affect the  value of the  

adsorp tion  free  en erg y  and is negligible compared to  the  work term  

(uA) of w ater.
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Table A - 29

The Values of X and 0(1 - 2X + 2X2) fo r the  Mixed System,

C NBr-C S 0 3Na, a t the  L /V  In terface  in  0 .1  N IS (NaBr) n  m

n  m x 0(1 - 2X + 2X2)

8 10 0.413 0.5150

10 10 0.483 0.5010

12 10 0.545 0 .5040 '

8 12 0.356 0.5410

10 10 0.428 0.5100

12 10 0.491 0.5000

S tandard  S tate 0.500 0.5000
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The data  shown in Table A - 30, 31 and 32 a re  the  free  

energ ies of adsorp tion  (AG) p e r  mole of mixed su rfa c tan ts , 

calculated by  using  Eq. [11-50], and th e  adsorp tion  free  energy  

changes fo r two m ethylene g roups (AAG) fo r the  equimolar cationic- 

anionic m ixture system s a t  the  L/V , L /T  and L /P ara  in te rfaces, 

respec tive ly .

The free  energ ies of adsorption  of the  CgNBr-C^gSOsNa and 

CjgNBr-C^QS03Na mixed system s in 0 .1  N IS (NaBr) a t the  L/V 

in terface  are  -53.6 KJ/mole and -59.6 KJ/mole and  the  lite ra tu re  

values (49) are  -57.0 KJ/mole and  -63 .3  KJ/mole fo r the  CgNCl- 

C^gS03Na and C^gNCl-C^QS03Na system s in 0 .1  N NaBr aqueous 

solution. We can not find  lite ra tu re  data  to  compare w ith our 

re su lts  a t the  solid /aqueous solution in te rface.

The values of the  free  energy  of adsorp tion  a re  similar for 

the  same m ixture system  a t all th ree  in te rfaces investiga ted . This 

is agreem ent with re su lts  (142) fo r th e  nonionic su rfa c tan ts , N- 

a lky l-2 -pyrro lidones. A lthough the  a rea  p e r  su rfa c tan t is d ifferen t 

a t the  L /V , L /T  and L /P ara  in te rfaces , th e re  a re  similar values of 

the  stan d ard  free  energy  of adsorp tion  a t these  th re e  in te rfaces. 

T his is because in these  mixed system s the  formation of a cation- 

anion p a ir (R +R ) in the  monolayer causes the  adsorp tion  of these  

cationic-anionic m ixtures to  resem ble th e  adsorp tion  of a nonionic 

su rfac tan t. T here  is no effect of e lectrical repu lsion  between 

sim ilarly-charged head g roups on th e  free  en erg y  of adsorp tion  fo r
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the  non-charged  su rfac tan t p a ir. And the  contribution  of the  

hydrophobic in terac tion  betw een the hydrocarbon  chain and the  

hydrophobic solid su rface  is offset by  the "ste ric  inhibition” of 

adsorp tion  a t the  L/S in te rfaces . T his is consisten t with the case 

of the  nonionic su rfac tan t (C^CECOg), mentioned in the  above 

section. The slightly  smaller value of the  adsorption  free  energy  a t 

the  L /T  in terface  th an  a t the  L/V and L /P ara  in te rfaces is because 

of the  e ffect of the  m utual phobicity of the  hydrocarbon  chains and 

the  fluorocarbon su rface .

In  the  mixed system s th ere  is the  same linear relationship  

betw een the  to ta l carbon atom num ber ( of cation plus anion ) and 

the  free  en erg y  of adsorp tion  as in the  individual su rfac tan ts  a t the  

a ir/aqueous in te rface. The slopes are  -3 .5  KJ-mole * p e r -CH2- 

increase  in the  alkyl sulfonate and -3 .1  KJ-mole * p e r -CH2- 

increase  in the  alkyl pyridinium  sa lts . G oralczyk's values (49) are  

-3 .6  KJ-mole * fo r alkyl sulfonate and -3 .3  KJ-mole * for alkyl 

pyridinium  sa lts , obtained by  using  a d ifferen t approach .

At th e  L /T  and L /P ara  in te rfaces, the  increm ent, AAG(R ) ,  on 

adding  a m ethylene group to a alkylsulfonate is -3 .2  KJ-mol * and 

-3 .1  KJ-mol respec tive ly , and for th e  same addition to  the  

alkylpyridinium  salts is -2 .7  -  -2 .5  and  -2 .9  ~ -2 .7  KJ-mol *, 

respec tive ly . These follow the  re su lts  a t the  L/V in te rface , in th a t 

the  addition of a -CH2- to the  alkylpyridinium  is less negative than  

the  addition to the alkylsu lfonate. At p re se n t, th is  cannot be



explained . However, the  less negative  increm ents a t th e  L /T  and 

L /P ara  in te rfaces than  a t the  L/V in te rface , indicate th a t adsorption  

of a longer chain len g th  a t  the  L/V in te rface  is  more favou r than  a t 

the  L /S in te rfaces . An explanation is th a t a t th e  L/S in terface 

hydrocarbon  chains a re  p a rtia lly  b en t and cannot be so close-packed 

as a t th e  L/V in te rface .
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Table A - 30

The Free Energies of A dsorption and  the  Changes of Two

M ethylene Groups a t the  L/V In terface  fo r Equimolar M ixture of

C N Br-C S 0 3Na, in 0 .1  N IS (NaBr) n  m

m /n 8 10 12

-AAG(R+) 6 .0  6.1

10 -AG(R+R _) 53.6 59.6 65.7

-AAG(R") 6 .9  6 .9  6.9

-AAG(R+) 6 .0  6.1

12 -AG(R+R") 60.5 66.5 72.6

Unit: [AG] = KJ-mol"1
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Table A :  31

The Free E nergies of A dsorption and th e  C hanges of Two

M ethylene G roups a t the  L /T  In terface fo r Equimolar M ixture of

C N Br-C  S 0 3Na, in 0 .1  N IS (NaBr) n  m

m /n  8 10 12

-AAG(R+) 5.3 .4.9

10 -AG(R+R") 53.5 58.8 63.7

-AAG(R") 6 .3  6 .4  6.4

-AAG(R+) 5.3 4 .9

12 -AG(R+R") 59.8 65.2 70.1

Unit: [AG] = KJ-mol"1
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Table A - 32

The Free E nergies of A dsorption and the  Changes of Two

Methylene G roups a t the  L /P ara  In terface  fo r Equimolar M ixture of

C NBr-C S 0 3Na, in 0 .1  N IS (NaBr) n  m

m /n 8 10 12

-AAG(R+) 5 .8  5 .4

10 -AG(R+R") 54.3 60.1 65.5

-AAG(R") 6.1 6.2 6.3

-AAG(R+) 5.9 5.5

12 -AG(R+R") 60.4 66.3 71.8

Unit: [AG] = KJ-mol'1
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IV. B. 3 Conclusions

1. The re su lts  show th a t the  s ta n d a rd  free  energy  of 

adsorp tion  depends on th e  n a tu re  of the  in te rface  and  decreases in 

the  o rd e r: L/V -*■ L/Poly -* L /T  L /P ara . The value of - 3 .1  KJ- 

mole * fo r adsorption p e r  m ethylene group a t  th e  L/V  in terface  is 

independent of the  head group of th e  su rfa c ta n t and  th e  leng th  of 

its  hydrophobic group in the  Cg ~ C ^ .  At th e  S /L  in te rfaces the 

s tan d a rd  free  energy  of adsorp tion  p e r  m ethylene g roup  ( - 2.8  ~ 

-2 .1  and -2 .9  ~ -2 .5  KJ-mol * a t th e  L /T  and  L /P ara  in terface, 

respec tive ly ) decreases with increase  in the  carbon chain leng th  and 

is smaller than  the corresponding  value a t th e  L /V  in te rface

2. The free  en erg y  of adsorp tion  of cationic-anionic pairs

(R +R ) was calculated b y  a new m ethod. A lin ear relationship

between the  total carbon atom num ber and  the  free  energy  of

adsorp tion  was found at the L/V in te rface . The behaviour of a
+ ■

cationic-anionic su rfac tan t p a ir ( H R )  is much like th a t of a 

nonionic su rfac tan t and is no t sensitive  to  th e  n a tu re  of the  (low 

free  en erg y ) in terfaces investiga ted . All re s u lts ,  th e  free  energ ies 

of adsorp tion  for mixed su rfa c tan t system s ob tained  by  use  of new 

method, a re  consisten t w ith the  data  of s ta n d a rd  free  energy  of 

adsorp tion  calculated using  the  R osen-A ronson app roach , in th a t 

AAG (-CH 2-) is constan t a t the  L/V  in te rface  and  decreases with 

increase  of carbon chain len g th  a t  the  L /T  and  L /P ara  in terfaces 

and the  sligh tly  less negative value of AG a t th e  L /T  in te rface  than  

a t the  L/V and L /P ara  in te rfaces .
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IV.C.l The Relative Adsorption of Surfactants to the 

Solid/Liquid and the Liquid/Vapor Interfaces

The plots of adhesion tension , y^CosO, v e rsu s  surface

tension , 8̂ ,  fo r anionic su rfac tan ts  C^SO aN a and C ^SO aN a,

cationic su rfac tan t C^TM ABr and zwitterionic su rfa c ta n t C^EJMG,

on Teflon, Parafilm and polyethylene, all a t constan t ionic s tre n g th

of 0 .1  N (N aB r), except for C^TM A Br on polyethylene, a re  show

in F igures 57, 58, 59 and 60, 61, 62.

F igures 63, 64 and 65 show the  plots on Teflon fo r individual

su rfac tan t solutions of C NBr and CoS 0 3Na, and cationic-anionicn 8 ’
su rfac tan t m ixture solutions of C^NBr-C^gSOaNa and  CnNBr- 

C ^SO aN a, w here n  = 8 , 10, 12, all of them in 0 .1  N IS (N aB r).

The plots fo r the  same system s on Parafilm a re  shown in 

F igures 66, 67 and  58.

Table A - 33 lis ts  values of the  slope of th e  p lo ts of 

adhesion tension (Y^CosO) v e rsu s  su rface  tension  fo r various 

su rfac tan t solutions on Teflon, Parafilm and polyethylene. 

According to Eq. [1-23], th e  absolute value of the  slope re p re se n ts  

the  re la tive  adsorption of the  su rfac tan t a t the  so lid /liqu id  and  the 

liqu id /vapo r in te rfaces , based  upon the  assum ption of no excess 

surface adsorption  a t the  so lid /vapor in te rface .
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Table A - 33

The Slope of Plot of Adhesion Tension V ersus Surface Tension 

on Various L ow -Energy-Surface Solids

System Teflon Parafilm  polyethylene

C12TMABr -0 .87 -0 .96 -0 .72a

0.1 N IS (NaBr)

C10SO3Na -0 .80 -0.82 -0.65

0.1 N IS (NaBr)

C12S 0 3Na -0.79 -0 .89 -0.77

0.1  N IS (NaBr)

C12BMG -0.95 -1.02 -0.94

0.1  N IS (NaBr)

a . in absence of added e x tra  e lectro ly te
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Although a slope of minus one has often  been accepted a t

low -energy  su rfaces (35,143,144,145,146), the  data  in  Table A - 33

show deviation from th a t value and dependence of th e  slope on the

n a tu re  of the  solid su rface . In all the  system s stu d ied , the  relative

adsorp tion  decrease in th e  o rd er: Parafilm > Teflon > polyethylene.

If we assume th a t the  excess su rface  concentra tion  a t the

so lid /vapor phase for these  surface is indeed zero , th en  th is  means

th a t the  adsorp tion  of th e  su rfac tan ts  from aqueous solution to the

solid surface  decreases in th is  same o rd e r . T his is consisten t with

the  a rea  p e r  molecule (-^a v ) data  obtained using  the Gibbs

adsorp tion  equation: Aftv increases in the  o rd er,

L /P ara  < L /T  < L/Poly. In  p rev ious s tud ies  (147,148) it  has been

shown th a t adsorption  decreases as th e  su b s tra te  becomes more

polar. Paraffin  has been shown to be extrem ely nonpolar and both

Teflon and polyethylene exh ib it some polar c h a rac te r (2f **: paraffins
= 0 .0  Teflon = 1 .7 ; polyethylene = 3 .4  mN-m *) from w etting  stud ies 

u sing  p u re  liquids (125). The data  shown h e re  reflec t th is 

c h arac te r.

Tables A - 34, 35 lis t the  slopes of th e  p lo ts of Y^CosB vs. 

2jv , th e  rela tive  adsorp tions to the  so lid /liqu id  and th e  liqu id /vapor 

in te rfaces calculated based  upon the  Gibbs adso rp tion  equation, 

A^v /A sj, and the critica l surface  ten sions, Z obtained by 

ex trapo la ting  the plots of JT^CosB v s . to zero  contact angle for 

the  aqueous su rfac tan t solutions on Teflon and Parafilm, 

respec tive ly .
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Table A - 34

Relative A dsorptions of Indiv idual and  Mixed S u rfac tan t in 0 .1  

N IS Solution and C ritical Surface T ensions on Teflon

system -Slope Alv /A sl Z- c

CgNBr 0.93 0.84 23.1

C10NBr 0 .8G 0.81 . 21.3

C12NBr 0.84 0.82 20.2

C12TMABr 0.90 0.86 20.6

C8S 0 3Na 0.83 0.78 16.6

C^gSOaNa 0.80 0.78 19.6

C^SO aN a 0.79 0.78 18.2

c 12bm g 0.95 0.89 20.6

CgNBr-C10SO3Na 0.93 0.87 20.5

C10N Br-C10SO3Na 0.90 0.87 19.1

C12N B r-C 1QS0 3Na 0.87 0.90 18.0

CgNBr-C12S 0 3Na 0.88 0.84 19.1

C10N Br-C12SO3Na 0.88 0.86 18.6

C12N Br-C12S0 3Na 0.89 0.88 17.2
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Table A - 35

Relative A dsorptions of Individual and  Mixed S urfac tan t in 0.1 

N IS Solution and  C ritical Surface T ensions on Parafilm

system -Slope Alv /A sl Yc

CgNBr 0.96 • 0.94 24.3

CioNBr 0.90 0.93 22.7

C12NBr 1.00 0.96 23 .8S

C12TMABr 1.02 0.94 23.7

CgS 0 3Na 0.79 0.82 18.2

C1()S 0 3Na 0.82 0.83 21.1

C^2S0 3Na 0.89 0.84 21.8

C12BMG 1.02 0.94 23.5

C8N B r-C 10SO3Na 0.96 0.95 22.5

C10N B r-C 1()SO3Na 0.97 0.93 22.3

C12N B r-C 1()S 0 3Na 1.03 0.99 22.5

CgN B r-C 12S 0 3Na 0.97 0.94 22.5

C10N B r-C 12SO3Na 1.00 0.94 22.1

C ^N B r-C -nSO sN a 1.07 0.99 21.3



Table A z 36

The Contact Angles of S u rfac tan t Solution a t 0 .1  N IS (NaBr) 

on Teflon and  Parafilm Surface; = 45 mN-m *

S urfac tan t Teflon Parafilm

C12BMG 92.9° 87.6°

C12S 0 3Na 94.3° 89.0°

C12NBr 90.8° 86 . 6°

C12TMABr 91.7° 86 .8°
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In these  stud ies th e  plot slope of y^CosQ v s . does not

follow the pred iction  of the  "Good-Girifalco-Fowkers-Young11

equation, Eq. [1-53], of a slope of minus one. The deviation

implies th a t the  assum ption of zero surface p re ssu re  of solid, it =s
0 , is a debatable point even for low -energy-surface solids, as

argued  by some in v estig a to rs  (93,149). T his su ggests  th a t the

adsorption  of su rfac tan t a t the  so lid /vapor in terface is not exactly

zero like usually  assum ed. Zografi and co-w orker (149) s tre sse d

the negative contribution  from a finite adsorption  a t the  so lid /vapor

in terface  to  the  w etting  p rocess and van Voorst V ader (143)

indicated  th a t T is about 2% of T, by using  lite ra tu re  data , sv  lv
M urphy e t al. (150) found th a t the  adsorption a t the  S/V in terface 

was significant fo r the  butanol - a volatile chemical. For a 

nonvolatile su rfac tan t th e  sligh t adsorp tion  a t the  S/V may be 

caused by the  adsorp tion  of su rfac tan t a t the  w etting m eniscus. 

This has been used by  P letnev  (151) to explain the  observation  th a t 

su rfac tan t solutions having  the  same surface tension often produce 

h igher contact angles a t low -energy su rfaces than  individual liqu ids.

The values of the  slope, which most a re  slightly  la rg e r  than 

-1, means a slightly  h ig h e r su rfac tan t adsorption  density  a t the  L/V 

in terface  than  a t the  S /L  in te rface . This is consisten t with the  

re su lts  obtained using  the  Gibbs adsorption equation, from which 

th e  area  p e r  su rfac tan t a t th e  L/V in terface is always slightly  less 

th an  a t the  S /L  in te rface .
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I t  is c lear from th e  data in Tables A - 34 and 35 th a t the 

n a tu re  of the  su rfa c tan t does have a e ffect on the  value of the  

slope. On bo th  Teflon an d  Parafilm the  lowest slope values for 

anionic su rfac tan ts  ind icates th e  g rea te s t tendency  fo r anionic 

su rfa c tan t to  adso rb  less a t  the  so lid /liqu id  in terface  th an  a t the  

liq u id /v ap o r in te rface , compared to o th e r types of su rfa c tan t. This 

is consisten t with the  con tact angle values of the  various su rfac tan t 

solution a t the  same su rface  tension value, lis ted  in  Table A - 36, 

w here all su rfa c tan ts  have the  same chain leng th  a t same ionic 

s tre n g th . The h ighest contact angle is caused by the  h ighest value 

of 2fgj, assum ing constan t value of Jfsv fo r all su rfa c tan ts  and based 

on Y oung's equation (Eq. [1-60]). The lowering of is re la ted  to 

the  su rfac tan t adsorp tion  a t the  L/S in te rface . The high contact 

angles (and correspondingly  high values of Ygj) fo r the  anionic 

su rfa c tan t indicates re la tive ly  poor adsorp tion  a t the  Teflon and 

Parafilm L/S in te rface .

The data  in  Table A - 36 also indicate th a t the  anionic 

su rfa c tan t will give poorer w ettability  fo r Teflon and  Parafilm than  

th e  o th er su rfac tan ts  hav ing  same carbon chain len g th , when the  

value of 21̂  is th e  same.

For the  same type  of su rfa c tan t the  slope value also shows 

th e  dependence of re la tive  adsorp tion  a t the  S /L  and L/V in terfaces 

on hydrocarbon  chain len g th . Oxx Teflon, th e  slope becomes less 

negative w ith increase  in the  alkyl chain len g th . An explanation
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may be the  "mutual phobicity" of the  hydrocarbon  chains of the  

adsorbed  su rfa c tan t molecules and the  fluorocarbon surface of the  

solid, which inh ib its adsorp tion  of longer chain su rfac tan ts  a t the  

liqu id /T eflon  in te rface . The rev e rse  case on Parafilm su g g ests  th a t 

the  a ttrac tiv e  in terac tion  between the  hydrocarbon  chains of the  

adsorbed  su rfac tan t molecules and the  hydrocarbon  su rface , 

favoring  adsorp tion  of the longer chain su rfa c tan ts .

The data  in Tables A -34, 35 also show th a t the  values for 

the  re la tive  adsorp tion  a t the  the  S/L  and L/V in te rfaces , obtained 

from th e  absolute  values of the  slope of the  Y^CosO v s . Z^ p lo t, 

a re  similar to  the  values of A^v /A gj calculated from the Gibbs 

adsorp tion  equation . However, the  form er a re  generally  slightly  

la rg e r  th an  the  la tte r . T his implies th a t the  assum ption of constan t

Z (E q .[I-1 7 ]) used in computation of A , is doubtfu l.s v  sx

In Table A - 34 the  critical surface  tensions of Teflon, Z ,c
obtained by  ex trapo la ting  the  plots of Y^CosO v s . Yjv for su rfac tan t

solution up to zero contact angle (Cos0 = 1), show good agreem ent

with th e  value of 18 - 19 mN-m *, widely adopted fo r the  Teflon

su rface . The la rg e r  deviation of Zc fo r CgNBr probably  is due

ununiform  ionic s tre n g th  and for CgS03Na is also caused by  the

im purity  of th e  solution. The cationic and anionic su rfac tan t

m ixtures give Z values which show less variation and a re  closer to c
the  value obtained  by using  pu re  liquids than  th a t calculated from 

the  plots of individual su rfac tan t solutions. The average value of
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18.8 mN-m \  based  on six  cationic-anionic su rfa c tan t m ix tu res, is 

identical with the  value given by  p u re  liqu ids.

The Z values fo r Parafilm  in  Table A - 35, a re  lower than  c
the  critica l surface tension  of pa ra ffin , 24 mN-m *. T he h igher 

contact angle of p u re  w ater on Parafilm , 112.5°, com paring w ith the  

lite ra tu re  value of pu re  w ater on pa ra ffin , 110° (116), su g g ests  th a t 

the  Parafilm  has a lower su rface  energy  th an  th a t  of pa ra ffin . An 

expression

cose = (2io - !flv)/r lv

was derived  by Johnson (152), u sing  the  Y oung’s and Gibbs

equations, based upon the  assum ptions of no change in Z and
S  V

equal adsorption  to the  liq u id /v ap o r and  so lid /liqu id  in te rfaces .

The value of Z fo r Parafilm is 22.2 mN-m * by  use  of th e  contact c
angle of w ater on Parafilm in  th is  equation . According to the

"Good-G irifalco-Fowkers-Young equation" (Eq. [1-53]), th e  in te rcep t

of the  plot of 2Tlv Cos0 v s . is re la ted  to th e  d ispersion  p a r ts  of

the  surface  energ ies of the  solid and liquid  su rfaces  and  is given
d dby  the  expression  2(Yg *Jfjv  ) . Using the  in te rce p t value of 44

“1 d  — 1mN-m fo r Parafilm and the  lite ra tu re  value of Yjv  = 21.8 mN-m

for w ater (143,144), the  d ispersion  p a r t  of th e  su rface  en erg y  of

Parafilm is 22.2 mN-m For low -energy-su rface  solids the
J

d ispersion  force, Z , of the  solid should ju s t  equal the  critical

su rface  tension , Z , as obtained  from th e  theo re tica l derivation  andc
verified  experim entally by  Fowkers (85). T h ere fo re , th e  critical 

su rface  tension value of 22.2 mN-m * fo r Parafilm  is acceptable.
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The average value of Y based  upon the  p lo ts of the  six  cationic-c
anionic su rfac tan t m ix tures, 22.4 mN-m shows excellent agreem ent 

with th a t of 22.2 mN-m The slightly  la rg e r  deviation of Yc for 

CgNBr and CgS03Na is due to th e  same resons as on Teflon.

IV . C . 2 Conclusions

The re su lts  of th is  s tu d y  indicate th a t the  relative 

adsorp tion , determ ined by  using  adhesion tension  v s . surface
S

tension p lo ts , shows unequal adsorp tion  of su rfa c tan t a t the 

solid /liquid  and the liq u id /v ap o r in te rfaces . The values of the 

slope, slightly  la rg e r  th an  minus one, suggesting  less  adsorp tion  a t 

the  solid /liquid  in terface than  a t the  liqu id /vapo r in te rface , show 

good agreem ent with the  re su lts  obtained by use of the  Gibbs 

adsorption equation.

The n a tu re  of solid surface  affects the  re la tive  adsorp tion , 

which decrease in the  o rd e r: Parafilm > Teflon > polyethylene, and 

i t  is consisten t with our p revious re su lts . Anionic su rfa c tan ts  show 

lower relative adsorption values on Teflon and Parafilm su rfaces. 

The relative adsorptions also show dependence on the  hydrocarbon 

chain leng th  of the  adsorbed  su rfac tan t. The "mutual phobicity" 

betw een the  hydrocarbon chains of the  su rfa c tan t molecules and the 

fluorocarbon surface of Teflon causes a decrease  in the  relative 

adsorption  of su rfac tan t a t the  S /L  and the  L/V in te rfaces with 

increase  in the  hydrocarbon  chain leng th  of the  adsorbed
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su rfac tan t. The opposite case on Parafilm  is due to the  a ttrac tiv e  

forces between the hydrocarbon  u n its  of th e  su rfa c tan t and the 

Parafilm su rface .

From the  experim ental r e s u l ts , Parafilm  has a lower surface 

energy  than  paraffin  and a critical su rface  tension  of 22.2 mN-m * 

is a reasonable value fo r Parafilm. The values of the  critical 

surface tension on bo th  Teflon and  Parafilm , obtained by 

ex trapo lating  the  plots of adhesion tension  v s . surface  tension to 

zero contact angle fo r su rfa c tan t so lu tions, show good agreem ent 

with th a t obtained using  p u re  liqu ids. The re su lts  also show th a t 

the  use of cationic-anionic su rfac tan t m ixture solutions is even more 

suitable for obtaining
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Table B 1

Adhesion Tension of CgNBr - C^SOaNa Mixtures

a t T eflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

c C i2s o XT = 6.636 3Na x  10"4 M

c -log C lv e Z, *Cos0 lv

: 8NBr) (CgNBr)

x mol/dm3 mN/m deg . mN/m

6.636 3.178 30.88 76.7 7.104

4.424 3.354 32.58 80.2 5.545

2.949 3.530 34.34 83.6 3.828

1.966 3.706 35.78 86.6 2.122

1.311 3.882 37.41 88.8 0.783

0.8739 4.059 38.73 91.1 -0.744

0.5826 4.235 40.17 93.2 -2.242

0.3884 4.411 41.24 95.2 -3.738
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Table B 2

Adhesion Tension of CgNBr - C^SOgNa Mixtures

at Teflon/Aqueous Interface, I.S.  = 0.1 N (NaBr)

° C12S0
= 4.424 x3N& 10‘ 4 M

c “log C lv e y, *Cos0 lv

(CgNBr) (CgNBr)

lO^x mol/dm3 mN/m deg . mN/m

6.636 3.178 33.91 83.3 3.956

4.424 3.354 35.86 86.1 2.439

2.949 3.530 37.56 88.4 1.049

1.966 3.706 39.09 91.1 -0.750

1.311 3.882 40.56 92.9 -2.057

0.8739 4.059 42.08 94.9 -3.594

0.5826 4.235 43.38 96.4 -4.836

0.3884 4.411 44.66 98.4 -6.524
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Table B 3

Adhesion Tension of CgNBr - C^SOgNa Mixtures

a t Teflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

Cn  __  = 2.949 x  10"4 M
12 3

c -log C lv e 2fjv *Cos0

(CgNBr) (CgNBr)

lO^x mol/dm3 mN/m deg . mN/m

6.636 3.178 37.19 88.9 0.714

4.424 3.354 38.84 91.6 -1.084

2.949 3.530 40.75 92.9 -2.602

1.966 3.706 42.27 95.1 -3.758

1.311 3.882 43.81 96.9 -5.263

0.8739 4.059 45.31 98.7 -6.854

0.5826 4.235 46.55 100. -8.323

0.3884 4.411 47.79 101.0 -9.119
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Table B 4

Adhesion Tension of CgNBr - C^SC^Na Mixtures

a t Teflon/A queous In te rface , I .S . = 0 .1  N (NaBr)

c C i2s ° 3Na = 1,966 x

21oiH

c -log C r lv e 2T, *Cos8 lv

:8NBr) (CgNBr)

x  mol/dm3 mN/m deg . mN/m

6.636 3.178 40.03 93.1 -2.165

4.424 3.354 41.91 95.1 -3.726

2.949 3.530 43.67 97.1 -5.398

1.966 3.706 45.21 98.8 -6.916

1.311 3.882 46.74 100.0 -8.116

0.8739 4.059 48.23 101.5 -9.616

0.5826 4.235 49.58 103.4 -11.490

0.3884 4.411 50.72 104.4 -12.612
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Table B 5

Adhesion Tension of CgNBr - C^SOaNa Mixtures

a t Teflon/A queous In te rface , I .S . = 0.1 N (NaBr)

CC12S 0 ’ Na = 1 ,3 1 1  x 1 0 '4 M

c "log C *lv e Yjv *Cos0

JgNBr) 

x  mol/dm3

(CgNBr)

mN/m
N

deg. mN/m

6.636 3.178 42.95 96.8 -5.085

4.424 3.354 44.71 98.5 -6.609

2.949 3.530 46.52 99.9 -7.998

1.966 3.706 48.09 101.4 -9.505

1.311 3.882 49.62 102.8 -10.992

0.8739 4.059 50.99 103.8 -12.163

0.5826 4.235 52.28 104.9 -13.443

0.3884 4.411 53.57 106.3 -15.035
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Table B 6

Adhesion Tension of CgNBr - C^SC^Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC12SOaNa * 8 ' 739 *  10' 5 M

c -log C lv 0 Jf. •Cos0 lv

(CgNBr) (CgNBr)

10“x  mol/dm3 mN/m deg . mN/m

6.636 3.178 45.73 100.1 -8.020

4.424 3.354 47.56 101.7 -9.645

2.949 3.530 49.19 102.7 -10.814

1.966 3.706 50.73 103.8 -12.101

1.311 3.882 52.31 105.5 -13.979

0.8739 4.059 53.70 106.6 -15.341

0.5826 4.235 55.02 107.9 -16.911

0.3884 4.411 56.28 108.6 -17.951
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Table B 7

Adhesion Tension of CgNBr - C^SOgNa Mixtures

a t T eflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

Cc 12S 0 ’ Na = 5,826 x 10"5 M

c -log C *lv 0 yiv *Cos0

2gNBr) (CgNBr)

x  mol/dm3 mN/m deg . mN/m

6.636 3.178 48.16 102.7 -10.588

4.424 3.354 50.05 104.3 -12.362

2.949 3.530 51.89 105.7 -14.041

1.966 3.706 53.38 106.5 -15.161

1.311 3.882 54.85 107.8 -16.767

0.8739 4.059 56.24 109.0 -18.310

0.5826 4.235 57.50 109.5 -19.194

0.3884 4.411 58.85 110.7 -20.802
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Table B 8

Adhesion Tension of CgNBr - C ^SO sN a M ixtures 

a t Teflon/A queous In te rface , I .S . = 0 .1  N (NaBr) 

CC12SO,Na = 3.884 x  u f 5 M

V

C -log C lv e y, *Cos0 lv

(CgNBr) (CgNBr)

10'‘x  mol/dm3 mN/m deg . mN/m

6.636 3.178 50.82 105.2 -13.324

4.424 3.354 52.61 106.4 -14.854

2.949 3.530 54.22 107.7 -16.485

1.966 3.706 55.79 108.7 -17.887

1.311 3.882 57.17 109.9 -19.459

0.8739 4.059 58.67 110.9 -20.930

0.5826 4.235 59.99 111.8 -22.278

0.3884 4.411 61.26 112.5 -23.443
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Table B 9

Adhesion Tension of CgNBr - C^SOaNa Mixtures

a t T eflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

CCgNBr = 6.636 x 10"4 M

c -log C lv 6 <
• O o u C
D

I ^ S 0 3 N a ) (C12S 0 3Na)

x mol/dm3 mN/m deg . mN/m

6.636 3.178 30.88 76.7 7.104

4.424 3.354 33.91 83.3 3.956

2.949 3.530 37.19 88.9 0.714

1.966 3.706 40.03 93.1 -2.165

1.311 3.882 42.95 96.8 -5.085

0.8739 4.059 45.73 100.1 -8.020

0.5826 4.235 48.16 102.7 -10.588

0.3884 4.411 50.82 105.2 -13.324
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Table B 10

Adhesion Tension of CgNBr - C^SOaNa Mixtures

a t Teflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

CCgNBr = 4.424 x 10"4 M

c -log C lv 0 y, *cos0lv

I^SO aN a) (C12S 0 3Na)

x  mol/dm3 mN/m deg . mN/m

6.636 3.178 32.58 80.2 5.545

4.424 3.354 35.86 86.1 2.439

2.949 3.530 38.84 91.6 -1.084

1.966 3.706 41.91 95.1 -3.726

1.311 3.882 44.71 98.5 -6.609

0.8739 4.059 47.56 101.7 -9.645

0.5826 4.235 50.05 104.3 -12.362

0.3884 4.411 52.61 106.4 -14.854
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Table B 11

Adhesion Tension of CgNBr - C^SOaNa Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

CCgNBr = 2.949 x 1 0 '4 M

c

I^ S O g N a )

-log C 

(C12S 0 3Na)

lv 8 Y, *Cos0 lv

x  mol/dm3 mN/m deg . mN/m

6.636 3.178 34.34 83.6 3.828

4.424 3.354 37.56 88.4 1.049

2.949 3.530 40.75 92.9 -2.602

1.966 3.706 43.67 97.1 -5.398

1.311 3.882 46.52 99.9 -7.998

0.8739 4.059 49.19 102.7 -10.814

0.5826 4.235 51.89 105.7 -14.041

0.3884 4.411 54.22 107.7 -16.485
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Table B 12

Adhesion Tension of CgNBr - C^SOaNa Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

CCgNBr = 1.966 x o
i

£

c “log C lv. e Ylv *Cos0

I^S03Na) (C12S 0 3Na)

x  mol/dm3 mN/m deg . mN/m

6.636 3.178 35.78 86.6 2.122

4.424 3.354 39.09 91.1 -0.750

2.949 3.530 42.27 95.1 -3.758

1.966 3.706 45.21 98.8 -6.916

1.311 3.882 48.09 101.4 -9.505

0.8739 4.059 50.73 103.8 -12.101

0.5826 4.235 53.38 106.5 -15.161

0.3884 4.411 55.79 108.7 -17.887
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Table B 13

Adhesion Tension of CgNBr - C^SOaNa Mixtures

a t Teflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

CCgNBr = 1.311 x  10"4 M

c -log C lv 0 y, *Cos0 lv

L2S 0 3Na) (C12S 0 3Na)

x  mol/dm3 mN/m deg. mN/m

6.636 3.178 37.41 88.8 0.783

4.424 3.354 40.65 92.9 -2.057

2.949 3.530 43.81 96.9 -5.263

1.966 3.706 46.74 100.0 -8.116

1.311 3.882 49.62 102.8 -10.992

0.8739 4.059 52.31 105.5 -13.979

0.5826 4.235 54.85 107.8 -16.767

0.3884 4.411 57.17 109.9 -19.459
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Table B 14

Adhesion Tension of CgNBr - C^2S 0 3Na M ixtures

a t  T eflon/A queous In te rface , I .S . = 0 .1  N (NaBr)

CCgNBr = 8.739 x 10"5 M

c “log C lv e

i
C

DCO0u•

12S 0 3Na) (C12S 0 3Na)

x mol/dma mN/m deg . mN/m

6.636 3.178 38.73 91.1 -0.744

4.424 3.354 42.08 94.9 -3.594

2.949 3.530 45.31 98.7 -6.854

1.966 3.706 48.23 101.5 -9.616

1.311 3.882 50.99 103.8 -12.163

0.8739 4.059 53.70 106.6 -15.341

0.5826 4.235 56.24 109.0 -18.310

0.3884 4.411 58.67 110.9 -20.930
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Table B 15

Adhesion Tension of CgNBr - Cj2S03Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

CCgNBr = 5.826 x 10"5 M

c -log C lv e *lv »Cos8

12S 0 3Na) (C12S 0 3Na)

'x  mol/dm3 mN/m deg. mN/m

6.636 3.178 40.17 93.2 -2.242

4.424 3.354 43.38 96.4 -4.836

2.949 3.530 46.55 100.3 -8.323

1.966 3.706 49.58 103.4 -11.490

1.311 3.882 52.28 104.9 -13.443

0.8739 4.059 55.02 107.9 -16.911

0.5826 4.235 57.50 109.5 -19.194

0.3884 4.411 59.99 111.8 -22.278
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Table B 16

Adhesion Tension of CgNBr - C^2S 0 3Na M ixtures 

a t Teflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

Cc  NBr = 3.884 x 10‘5 M

' c -log C lv 6 !Tlv«Cos0

(C12S 0 3Na) (C12S 0 3Na)

10“x mol/dm3 mN/m deg. mN/m

6.636 3.178 41.24 95.2 -3.738

4.424 3.354 44.66 98.4 -6.524

2.949 3.530 47.79 101.0 -9.119

1.966 3.706 50.72 104.4 -12.614

1.311 3.882 53.57 106.3 -15.035

0.8739 4.059 56.28 108.6 -17.951

0.5826 4.235 58.85 110.7 -20.802

0.3884 4.411 61.26 112.5 -23.443
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Table B 17

Adhesion Tension of CgNBr - C^SOaNa Mixtures

a t Parafilm /A queous In te rface , I .S . = 0 .1  N (NaBr)

C c i2 S° . r_ = 6.636 aNa x  10"4 M

c “log C lv 6 ff]y#QOS0

28NBr) (CgNBr)

x mol/dm3 mN/m deg . mN/m

6.636 3.178 30.88 63.6 13.730

4.424 3.354 32.58 68.9 12.099

2.949 3.530 34.34 72.4 10.383

1.966 3.706 35.78 75.5 8.959

1.311 3.882 37.41 78.7 7.330

0.8739 4.059 38.73 81.4 5.792

0.5826 4.235 40.17 84.1 4.129

0.3884 4.411 41.24 85.9 2.949
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Table B 18

Adhesion Tension of CgNBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

c c 12s o 3Na = 4.424 X

S1OiH

c -log C r iv e Yjv *Cos0

(CgNBr) (CgNBr)

10'‘x  mol/dm3 mN/m deg . mN/m

6.636 3.178 33.91 72.6 10.140

4.424 3.354 35.86 75.8 8.797

2.949 3.530 37.56 78.9 7.231

1.966 3.706 39.09 82.1 5.373

1.311 3.882 40.56 83.9 4.320

0.8739 4.059 42.08 86.5 2.569

0.5826 4.235 43.38 88.4 1.211

0.3884 4.411 44.66 90.2 -0.156
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Table B 19

Adhesion Tension of CgNBr - C^SOgNa Mixtures

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC i2S° , Na = 2,949 x

S1OiH

c -log C *lv e y, »cos0lv

:8NBr) (CgNBr)

x mol/dm3 mN/m deg. mN/m

6.636 3.178 37.19 78.4 7.478

4.424 3.354 38.84 81.3 5.875

2.949 3.530 40.75 83.9 4.330

1.966 3.706 42.27 86.6 2.507

1.311 3.882 43.81 88.2 1.376

0.8739 4.059 45.31 90.2 -0.158

0.5826 4.235 46.55 91.7 -1.381

0.3884 4.411 47.79 93.3 -2.751
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Table B 20

Adhesion Tension of CgNBr - C^SC^Na Mixtures

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

c c 12s o 3Na = 1,966 x 10“4 M

c -log C *lv 6 *lv *Cos8

UgNBr) (CgNBr)

lx mol/dm3 mN/m deg. mN/m

6.636 3.178 40.03 83.1 4.809

4.424 3.354 41.91 86.1 2.581

2.949 3.530 43.67 87.8 1.676

1.966 3.706 45.21 90.0 0.000

1.311 3.882 46.74 91.9 -1.550

0.8739 4.059 48.23 93.8 -3.196

0.5826 4.235 49.58 94.9 -4.235

0.3884 4.411 50.72 96.0 -5.302
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Table B 21

Adhesion Tension of CgNBr - C^SOgNa Mixtures

at Parafilm/Aqueous Interface, I.S.  = 0.1 N (NaBr)

CC12SO„Na = 1-311 x  l< f4 M

c -log C lv 0 y, •Cos6 lv

(CgNBr) (CgNBr)

10‘'x  mol/dm3 mN/m deg . mN/m

6.636 3.178 42.95 87.3 2.023

4.424 3.354 44.71 90.1 -0.078

2.949 3.530 46.52 91.7 -1.380

1.966 3.706 48.09 93.3 -2.768

1.311 3.882 49.62 95.2 -4.497

0.8739 4.059 50.99 96.4 -5.684

0.5826 4.235 52.28 98.1 -7.366

0.3884 4.411 53.57 99.5 -8.842
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Table B 22

Adhesion Tension of CgNBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC12S0
xt_ = 8.739 x  3Na

5S
in1o

c -log C lv e Y, *Cos8 lv

(CgNBr) (CgNBr)

10“x  mol/dm3 mN/m deg . mN/m

6.636 3.178 45.73 91.2 -0.958

4.424 3.354 47.56 93.0 -2.489

2.949 3.530 49.19 94.6 -3.945

1.966 3.706 50.73 96.2 -5.479

1.311 3.882 52.31 98.2 -7.461

0.8739 4.059 53.70 99.3 -8.678

0.5826 4.235 55.02 100.5 -10.027

0.3884 4.411 56.28 101.8 -11.509
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Table B 23

Adhesion Tension of CgNBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC12SO,Na = 5 826 x  10' 5 M

c -log C lv G Y. #CosG lv

(CgNBr) (CgNBr)

lO^x mol/dm3 mN/m deg. mN/m

6.636 3.178 48.16 94.4 -3.695

4.424 3.354 50.05 96.1 -5.319

2.949 3.530 51.89 97.9 -7.132

1.966 3.706 53.38 99.5 -8.810

1.311 3.882 54.85 100.5 -9.996

0.8739 4.059 56.24 102.1 -11.789

0.5826 4.235 57.50 103.3 -13.228

0.3884 4.411 58.85 104.0 -14.237
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Table B 24

Adhesion Tension of CgNBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

C°1 2 S0
= 3.884 x3Na 1 0 '5 M

c -log C lv e Ylv *Cos0

(CgNBr) (CgNBr)

lO^x mol/dm3 mN/m deg . mN/m

6.636 3.178 50.82 97.1 -6.281

4.424 3.354 52.61 99.1 -8.321

2.949 3.530 54.22 100.0 -9.415

1.966 3.706 55.79 101.9 . -11.504

1.311 3.882 57.17 103.2 -13.055

0.8739 4.059 58.67 104.1 -14.293

0.5826 4.235 59.99 105.4 -15.930

0.3884 4.411 61.26 106.2 -17.091
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Table B 25

Adhesion Tension of CgNBr - Cj2S03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC NBr = 6,636 x  10 4 M

c -log C lv G y, "CosG lv

(C12S 0 3Na) (C12S 0 3Na)

10‘‘x mol/dm3 mN/m deg . mN/m

6.636 3.178 30.88 63.6 13.730

4.424 3.354 33.91 72.6 10.140

2.949 3.530 37.19 78.4 7.478

1.966 3.706 40.03 83.1 4.809

1.311 3.882 42.95 87.3 2.023

0.8739 4.059 45.73 91.2 -0.958

0.5826 4.235 48.16 94.4 -3.695

0.3884 4.411 50.82 97.1 -6.281
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Table B 26

Adhesion Tension of CgNBr - C j2S 0 3Na M ixtures

a t Parafilm /A queous In te rface , I .S . = 0 .1  N (NaBr)

CCgNBr = 4.424 x 10_4 M

c -log C lv 6 y, *Cos0 lv

l2S 0 3Na) (C12S 0 3Na)

x mol/dm3 mN/m deg . mN/m

6.636 3.178 32.58 68.9 12.099

4.424 3.354 35.86 75.8 8.797

2.949 3.530 38.84 81.3 5.875

1.966 3.706 41.91 86.1 2.851

1.311 3.882 44.71 90.1 -0.078

0.8739 4.059 47.56 93.0 -2.489

0.5826 4.235 50.05 96.1 -5.319

0.3884 4.411 52.61 99.1 -8.321
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Table B 27

Adhesion Tension of CgNBr - C^SOaNa Mixtures

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

C CgNBr = 2.949 x 10"4 M

c -log C lv e y, •CosG lv

^SO jN a) (C12S 0 3Na)

x  mol/dm3 mN/m deg. mN/m

6.636 3.178 34.34 72.4 10.383

4.424 3.354 37.56 78.9 7.231

2.949 3.530 40.75 83.9 4.330

1.966 3.706 43.67 87.8 1.676

1.311 3.882 46.52 91.7 -1.380

0.8739 4.059 49.19 94.6 -3.945

0.5826 4.235 51.89 97.9 -7.132

0.3884 4.411 54.22 100.0 -9.415
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Table B 28

Adhesion Tension of CgNBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

NBr = x  10 M

c -log C lv e Y. #Cos0 lv

(C12S 0 3Na) (C12S 0 3Na)

lO^x mol/dm3 mN/m deg . mN/m

6.636 3.178 35.78 75.5 8.959

4.424 3.354 39.09 82.1 5.373

2.949 3.530 42.27 86.6 2.507

1.966 3.706 45.21 90.0 0.000 .

1.311 3.882 48.09 93.3 -2.768

0.8739 4.059 50.73 96.2 -5.479

0.5826 4.235 53.38 99.5 -8.810

0.3884 4.411 55.79 101.9 -11.504
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Table B 29

Adhesion Tension of CgNBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC0NBr = 1 ' 311 x  10‘4 M 8

c -log C lv e yiv *Cos8

(C12S 0 3Na) (C12S 0 3Na)

lO^x mol/dm3 mN/m deg. mN/m

6.636 3.178 37.41 78.7 7.330

4.424 3.354 40.65 83.9 4.320

2.949 3.530 43.81 88.2 1.376

1.966 3.706 46.74 91.9 -1.550

1.311 3.882 49.62 95.2 -4.497

0.8739 4.059 52.31 98.2 -7.461

0.5826 4.235 54.85 100.5 -9.996

0.3884 4.411 57.17 103.2 -13.055
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Table B 30

Adhesion Tension of CgNBr * C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC NBr = 8 -739 x  10’5 M

c -log C lv e y, #Cos0 lv

L2S 0 3Na) (C12S 0 3Na)

x mol/dm3 mN/m deg . mN/m

6.636 3.178 38.73 81.4 5.792

4.424 3.354 42.08 86.5, 2.569

2.949 3.530 45.31 90.2 -0.158

1.966 3.706 48.23 . 93.8 -3.196

1.311 3.882 50.99 96.4 -5.684

0.8739 4.059 53.70 99.3 -8.678

0.5826 4.235 56.24 102.1 -11.789

0.3884 4.411 58.67 104.1 -14.293
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Table B 31

Adhesion Tension of CgNBr - C^SOaNa Mixtures

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

CCgNBr = 5.826 x 1 0 '5 M

c -log C lv 0 *lv -Cos0

L2S 0 3Na) (C12S 0 3Na)

x  mol/dm3 mN/m deg . mN/m

6.636 3.178 40.17 84.1 4.129

4.424 3.354 43.38 88.4 1.211

2.949 3.530 46.55 91.7 -1.381

1.966 3.706 49.58 94.9 -4.235

1.311 3.882 52.28 98.1 -7.366

0.8739 4.059 55.02 100.5 -10.027

0.5826 4.235 57.50 103.3 -13.228

0.3884 4.411 59.99 105.4 -15.930
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Table B 32

Adhesion Tension of CgNBr - Cj2S03Na Mixtures

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC NBr = 3,884 x  10"5 M

c -log C lv 6 y, »cos0lv

(C12S 0 3Na) (C12S 0 3Na)

lO^x mol/dm3 mN/m deg. . mN/m

6.636 3.178 41.24 85.9 2.949

4.424 3.354 44.66 90.2 -0.156

2.949 3.530 47.79 93.3 -2.751

1.966 3.706 50.72 96.0 -5.302

1.311 3.882 53.57 99.5 -8.842

0.8739 4.059 56.28 101.8 -11.509

0.5826 4.235 58.85 104.0 -14.237

0.3884 4.411 61.26 106.2 -17.091



215

Table B 33

Adhesion Tension of C^SOgNa

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.0000

c

x mol/dm3

"log C lv
mN/m

e

deg .

2f, *Cos0 lv
mN/m

25.08 2.601 35.70 83.7 3.918

20.07 2.697 37.02 85.9 2.647

13.86 2.858 40.86 89.3 0.499

10.03 2.999 44.14 92.8 -2.156

6.929 3.159 47.70 95.9 -4.903

5.17 3.300 50.72 97.5 -6.620

3.64 3.460 53.92 100.4 -9.732

2.508 3.601 56.72 102.1 -11.890

1.732 3.761 59.30 104.0 -14.346

1.254 3.902 61.50 104.7 -15.606
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Table B 34

Adhesion Tension of CgNBr - C^SC^Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0,1 N (NaBr)

o = 0.2286

c

x mol/dm3

-log C lv
mN/m

e

deg .

Ylv *Cos0

mN/m

8.602 3.065 35.78 86.6 2.122

5.735 3.241 40.65 92.9 -2.057

3.823 3.418 45.31 98.7 -6.854

2.549 3.594 49.58 103.4 -11.490

1.699 3.770 53.57 106.3 -15.035



217

Table B 35

Adhesion Tension of CgNBr - C^SC^Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.5000

c

x mol/dm3

-log C lv
mN/m

6

deg.

r lv *Cos8

mN/m

13.27 2.877 30.88 76.7 7.104

8.848 3.053 35.86 86.1 2.439

5.898 3.229 40.75 92.9 -2.602

3.932 3.405 45.21 98.8 -6.916

2.622 3.581 49.62 102.8 -10.992

1.748 3.758 53.70 106.6 -15.341

1.165 3.934 57.50 109.5 -19.194

0.7768 4.110 61.26 112.5 -23.443



218

Table B 36

Adhesion Tension of CgNBr - C^SOaNa Mixtures

at Teflon/Aqueous Interface, I.S.  = 0.1 N (NaBr)

a = 0.7714

C -log C *lv 8 2flv *Cos0

lO^x mol/dm3 mN/m deg . mN/m

8.602 3.065 40.03 93.1 -2.165

5.735 3.241 44.71 98.5 -6.609

3.823 3.418 49.19 102.7 -10.814

2.549 3.594 53.38 106;5 -15.161

1.699 3.770 57.17 109.9 -19.459
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Table B 37

Adhesion Tension of CgNBr

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

<x = 1.000

c

x mol/dm3

-log C lv
mN/m

6

deg .

2f, *Cos0 lv
mN/m

21.46 0.668 45.92 87.5 2.003

17.16 0.766 47.39 89.7 0.248

12.87 0.890 49.59 91.3 -1.125

9.733 1.012 51.15 93.6 -3.212

4.866 1.313 55.41 97.1 -6.849

2.433 1.614 59.22 100.2 -10.487

1.217 1.915 62.74 102.2 -13.259

0.6083 2.216 65.38 104.4 -16.259

0.3042 2.517 67.43 106.1 -18.699

0.1521 2.818 69.16 108.0 -21.372
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Table B 38

Adhesion Tension of C^gSOaNa

at Parafilxn/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.0000

c

x mol/dm3

-log C lv
mN/m

e

deg .

Y. »Cos0 lv
mN/m

20.07 2.697 37.02 77.1 8.265

13.86 2.858 40.86 82.7 5.192

10.03 2.999 44.14 87.4 2.002

6.929 3.159 47.70 91.7 -1.415

5.017 3.300 50.72 94.5 -3.979

3.464 3.460 53.92 97.0 -6.571

2.508 3.601 56.72 98.8 -8.677

1.732 3.761 59.30 101.1 -11.325

1.254 3.902 61.50 102.9 -13.730
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Table B 39

Adhesion Tension of CgNBr - Cj^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.2286

c

x mol/dm3

-log C lv
mN/m

6

deg.

y, #Cos9 lv
mN/m

8.602 3.065 35.78 75.5 8.959

5.735 3.241 40.65 83.9 4.320

3.823 3.418 45.31 90.2 -0.158

2.549 3.594 49.58 94.9 -4.235

1.699 3.770 53.57 99.5 -8.842
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Table B 40

Adhesion Tension of CgNBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.5000

c

x mol/dm3

-log C lv
mN/m

0

deg.

y, #Cos0 lv
mN/m

13.27 2.877 30.88 63.6 13.730

8.848 3.053 35.86 75.8 8.797

5.898 3.229 40.75 83.9 4.330

3.932 3.405 45.21 90.0 0.000

2.622 3.581 49.62 95.2 -4.497

1.748 3.758 53.70 99.3 -8.678

1.165 3.934 57.50 103.3 -13.228

0.7768 4.110 61.26 106.2 -17.091
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Table B 41

Adhesion Tension of CgNBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S.  = 0.1 N (NaBr)

a = 0.7714

c

x mol/dm3

-log C lv
mN/m

0

deg .

Ylv *Cos0

mN/m

8.602 3.065 40.03 83.1 4.809

5.735 3.241 44.71 90.1 -0.078

3.823 3.418 49.19 94.6 -3.945

2.549 3.594 53.38 99.5 -8.810

1.699 3.770 57.17 103.2 -13.055
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Table B 42

Adhesion Tension of CgNBr

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 1.000

c

x  mol/dm3

-log C lv
mN/m

6

deg.

Y, *Cos0 lv
mN/m

21.4G 0.668 45.92 84.9 4.082

17.16 0.766 47.39 87.4 2.150

12.87 0.890 49.59 89.2 0.692

9.733 1.012 51.15 91.8 -1.607

4.866 1.313 55.41 95.0 -4.829

2.433 1.614 59.22 98.5- -8.753

1.217 1.915 62.74 101.2 -12.860

0.6083 2.216 65.38 103.2 -14.930

0.3042 2.517 67.43 104.7 -17.111

0.1521 2.818 69.16 106.2 -19.295
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Table B 43

Adhesion Tension of C^NBr - C.^SC)3Na Mixtures

a t Teflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC10SO3Na = 2.1052 x  10"4 M

c -log C lv 8 Y. *Cos0 lv

,2NBr) (C12NBr)

x mol/dm 3 mN/m deg . mN/m

14.035 3.8528 31.70 81.0 4.959

9.3564 4.0289 34.30 86.0 2.393

6.2376 4.2050 37.30 90.0 0.000

4.1584 4.3811 40.03 93.8 -2.653

2.7723 4.5572 42.21 96.2 -4.559

1.8482 4.7337 45.11 98.8 -6.901

1.2321 4.9094 47.57 100.9 -8.995
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Table B 44

Adhesion Tension of C^NBr - C^SOsNa Mixtures

a t T eflon/A queous In te rface , I .S . = 0 .1  N (NaBr)

CC10SO3Na = 1.4035 x 10‘4 M

c -log C lv 6 Jf, •CosB lv

L2N Br) (C12NBr)

x mol/dm 3 mN/m deg. mN/m

14.035 3.8528 34.05 85.3 2.790

9.3564 4.0289 36.86 89.4 0.386

6.2376 4.2050 39.70 93.0 -2.078

4.1584 4.3811 42.37 95.7 -4.208

2.7723 4.5572 44.80 98.2 -6.390

1.8482 4.7337 47.64 100.6 -8.763

1.2321 4.9094 49.97 102.6 -10.901



Table B 45

Adhesion Tension of C12NBr - C^QS03Na M ixtures

a t Teflon/A queous In te rface , I .S . = 0.1 N (NaBr)

Cci0s ° = 9.35643Na x 10"5 M

C -log C lv 6 y, *Cos0 lv

12N Br) <C12NBr>

x  mol/dm3 mN/m deg . mN/m

21.052 3.6767 34.28 84.8 3.107

14.035 3.8528 36.81 88.6 0.899

9.3564 4.0289 39.31 92.6 -1.783

6.2376 4.2050 42.22 95.4 -3.973

4.1584 4.3811 45.03 97.9 -6.189

2.7723 4.5572 47.47 100.2 -8.406

1.8482 4.7337 50.08 101.9 -10.327

1.2321 4.9094 52.43 104.1 -12.773
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Table B 46

Adhesion Tension of C^NBr - C^SOaNa Mixtures

a t Teflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC1()S 0 3Na = 6.2376 x 10"5 M

c -log C *lv 0 2f, •Cos0 lv

L2NBr) (C12NBr)

x  mol/dm 3 mN/m deg. mN/m

21.052 3.6767 36.60 88.5 0.958

14.035 3.8528 39.38 91.7 -1.168

9.3564 4.0289 41.83 95.0 -3.646

6.2376 4.2050 44.72 97.6 -5.915

4.1584 4.3811 47.40 100.1 -8.312

2.7723 4.5572 49.91 102.1 -10.462

1.8482 4.7337 52.49 103.8 -12.521

1.2321 4.9094 54.68 105.5 -14.613
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Table B 47

Adhesion Tension of C^NBr - C^QS03Na Mixtures

a t T eflon/A queous In te rface , I .S . = 0 .1  N (NaBr)

CC1()S 0 3Na = 4.1584 x 10"5 M

c -log C lv 0 Y, *Cos0 lv

L2N B r> (C12NBr)

x  mol/dm 3 mN/m deg. mN/m

21.052 3.6767 39.03 91.4 -0.954

14.035 3.8528 41.85 94.2 -3.065

9.3564 4.0289 44.30 96.7 -5.169

6.2376 4.2050 47.03 100.1 -8.247

4.1584 4.3811 49.80 101.4 -9.843

2.7723 4.5572 52.25 103.7 -12.375

1.8482 4.7337 54.63 105.2 -14.323

1.2321 4.9094 57.08 106.4 -16.116
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Table B 48

Adhesion Tension of C^NBr - C^SOaNa Mixtures

at Teflon/Aqueous Interface, I.S.  = 0.1 N (NaBr)

CC10SO3Na = 2.7723 x 1 0 '5 M

c -log C lv 6 Ylv *Cos0

L2NBr) (C12NBr)

x  mol/dm 3 mN/m deg. mN/m

21.052 3.6767 41.67 94.4 -3.197

14.035 3.8528 44.13 96.4 -4.919

9.3564 4.0289 46.64 99.1 -7.376

6.2376 4.2050 49.41 101,6 -9.881

4.1584 4.3811 52.12 103.4 -12.079

2.7723 4.5572 54.43 105.1 -14.179

1.8482 4.7337 56.77 106.7 -16.313

1.2321 4.9094 59.20 107.8 -18.097
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Table B 49

Adhesion Tension of C^NBr - C^QS03Na Mixtures

a t Teflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC10SO3Na = 1.8482 x 10"5 M

c -log C lv e Ylv *Cos0

12N B r> (C12NBr)

x  mol/dm 3 mN/m deg. mN/m

21.052 3.6767 43.90 97.0 -5.350

14.035 3.8528 46.59 99.3 -7.529

9.3564 4.0289 48.99 101.5 -9.767

6.2376 4.2050 51.60 102.9 -11.520

4.1584 4.3811 54.14 104.5 -13.556

2.7723 4.5572 56.49 106.5 -16.044

1.8482 4.7337 58.83 107.6 -17.788

1.2321 4.9094 61.02 108.7 -19.564
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Table B 50

Adhesion Tension of C^NBr - C^QS03Na Mixtures

a t T eflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

CClQS 0 3Na = 1.2321 x 10"5 M

c -log C lv 6 y, *Cos0 lv

l 2NBr) (C12NBr)

x  mol/dm 3 mN/m deg . mN/m

21.052 3.6767 46.02 98.9 -7.120

14.035 3.8528 48.64 100.5 -8.864

9.3564 4.0289 51.20 102.4 -10.994

6.2376 4.2050 53.70 104.4 -13.355

4.1584 4.3811 56.42 106.0 -15.552

2.7723 4.5572 58.42 107.3 -17.373

1.8482 4.7337 60.70 108.4 -19.160

1.2321 4.9094 62.71 109.6 -21.036
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Table B 51

Adhesion Tension of C^NBr - C^SOsNa Mixtures

a t Teflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC10SO3Na = 8.2141 x 10-6 M

c -log C lv 0 IT, *Cos8 lv

L2N Br> (C12NBr)

x mol/dm 3 mN/m deg. mN/m

21.052 3.6767 48.03 100.5 -8.753

14.035 3.8528 50.60 102.4 -10.866

9.3564 4.0289 53.45 104.2 -13.112

6.2376 4.2050 55.73 105.4 -14.799

4.1584 4.3811 58.13 107.1 -17.093

2.7723 4.5572 60.20 108.4 -19.002

1.8482 4.7337 62.40 109.7 -21.035

1.2321 4.9094 63.96 110.5 -22.399
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Table B 52

Adhesion Tension of C^NBr - C^SC^Na Mixtures

at Teflon/Aqueous Interface, I.S.  = 0.1 N (NaBr)

CC NBr = 2 •1052 x  10"4 M

c -log C lv e 2̂ v *Cos0

(C10SO3Na) (C10SONa)

105 x mol/dm3 mN/m deg . mN/m

9.3564 4.0289 34.28 84.8 3.107

6.2376 4.2050 36.60 88.5 0.958

4.1584 4.3811 39.03 91.4 -0.954

2.7723 4.5572 41.67 94.4 -3.197

1.8482 4.7337 43.90 97.0 -5.350

1.2321 4.9094 46.02 98.9 -7.120

0.82141 5.0854 48.03 100.5 -8.753
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Table B 53

Adhesion Tension of C^NBr - C^SOgNa Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

° C12NBr
= 1.4035 x 10"4 M

c -log C lv 8 2fjv *Cos8

l^jS03Na) (C1QS 0 3Na)

x mol/dm3 mN/m deg. mN/m

21.052 3.6767 31.70 81.0 4.959

14.035 3.8528 34.05 85.3 2.790

9.3564 4.0289 36.81 88.6 0.899

6.2376 4.2050 39.38 91.7 -1.168

4.1584 4.3811 41.85 94.2 -3.065

2.7723 4.5572 44.13 96.4 -4.919

1.8482 4.7337 46.59 99.3 -7.529

1.2321 4.9094 48.64 100.5 -8.864

0.82141 5.0854 50.60 102.4 -10.866
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Table B 54

Adhesion Tension of C^NBr - CjgS03Na Mixtures

at Teflon/Aqueous Interface, I.S.  = 0.1 N (NaBr)

CC12NBr = 9.3564 x 10"5 M

c -log C *lv 6 y, *Cos0lv

^ S 0 3Na) (C10SO3Na)

x mol/dm3 mN/m deg. mN/m

21.052 3.6767 34.30 86.0 2.393

14.035 3.8528 36.86 89.4 0.386

9.3564 4.0289 39.31 92.6 -1.783

6.2376 4.2050 41.83 95.0 -3.646

4.1584 4.3811 44.30 96.7 -5.169

2.7723 4.5572 46.64 99.1 -7.376

1.8482 4.7337 48.99 101.5 -9.767

1.2321 4.9094 51.20 102.4 -10.994

0.82141 5.0854 53.45 104.2 -13.111
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Table B 55

Adhesion Tension of C^NBr - C^QS03Na Mixtures

a t Teflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

° C12NBr
= 6.2376 x 10"5 M

c -log C lv 0 y, #Cos0 lv

L0SO3Na) (C1QS 0 3Na)

x mol/dm3 mN/m deg. mN/m

21.052 3.6767 37.30 90.0 0.000

14.035 3.8528 39.70 93.0 -2.078

9.3564 4.0289 42.22 95.4 -3.973

6.2376 4.2050 44.72 97.6 -5.915

4.1584 4.3811 47.03 100.1 -8.247

2.7723 4.5572 49.41 101.6 -9.935

1.8482 4.7337 51.60 102.9 -11.520

1.2321 4.9094 53.70 104.4 -13.355

0.82141 5.0854 55.73 105.4 -14.799
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Table B 56

Adhesion Tension of C^NBr - C.j^S03Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

C c !2NBr
= 4.1584 x 10-5 M

c “log C lv 0 y, *Cos0 lv

^oS03Na) (C10SO3Na)

x  mol/dm3 mN/m deg . mN/m

21.052 3.6767 40.03 93.8 -2.653

14.035 3.8528 42.37 95.7 -4.208

9.3564 4.0289 45.03 97.9 -6.189

6.2376 4.2050 47.40 100.1 -8.312

4.1584 4.3811 49.80 101.4 -9.843

2.7723 4.5572 52.12 103.4 -12.074

1.8482 4.7337 54.14 104.5 -13.556

1.2321 4.9094 56.42 106.0 -15.552

0.82141 5.0854 58.13 107.1 -17.093



239

Table B 57

Adhesion Tension of C^NBr - C^SOaNa Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC12NBr = 2.7723 x 10"5 M

c -log C lv 6 TS, *Cos0 lv

^QS03Na) (C1QS 0 3Na)

x mol/dm3 mN/m deg . mN/m

21.052 3.6767 42.21 96.2 -4.559

14.035 3.8528 44.80 98.2 -6.390

9.3564 4.0289 47.47 100.2 -8.406

6.2376 4.2050 49.91 102.1 -10.462

4.1584 4.3811 52.25 103.7 -12.375

2.7723 4.5572 54.43 105.1 -14.179

1.8482 4.7337 56.49 106.5 -16.044

1.2321 4.9094 58.42 107.3 -17.373

0.82141 5.0854 60.20 108.4 -19.002
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Table B 58

Adhesion Tension of C^NBr - C^SC^Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

C c !2NBr
= 1.8482 x 10‘5 M

c -log C lv e y, *Cos0 lv

L Q S 0 3 N a ) (C10SO3Na)

x mol/dm3 mN/m deg. mN/m

21.052 3.6767 45.11 98.8 -6.901

14.035 3.8528 47.64 100.6 -8.763

9.3564 4.0289 50.08 101.9 -10.327

6.2376 4.2050 52.49 103.8 -12.521

4.1584 '4.3811 54.63 105.2 -14.323

2.7723 4.5572 56.77 106.7 -16.313

1.8482 4.7337 58.83 107.6 -17.788

1.2321 4.9094 60.70 108.4 -19.166

0.82141 5.0854 62.40 109.7 -21.035
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Table B 59

Adhesion Tension of C^NBr - C1QS03Na Mixtures

a t T eflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC12NBr = 1.2321 x 10"5 M

c -log C lv e Yjv *Cos0

L0SO3Na) (C10SO3Na)

x  mol/dm3 mN/m deg . mN/m

21.052 3.6767 47.57 100.9 -8.995

14.035 3.8528 49.97 102.6 -10.901

9.3564 4.0289 52.43 104.1 -12.773

6.2376 4.2050 54.68 105.5 -14.613

4.1584 4.3811 57.08 106.4 -16.116

2.7723 4.5572 59.20 107.8 -18.097

1.8482 4.7337 61.02 108.7 -19.564

1.2321 4.9094 62.71 109.6 -21.036

0.82141 5.0854 63.96 110.5 -22.399
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Table B 60

Adhesion Tension of C^NBr - C^SOaNa Mixtures

a t  Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC10SO3Na = 2.1052

S1O

c -log C lv e 2f, *Cos0 lv

'12N Br> (C12NBr)

x mol/dm3 mN/m deg. mN/m

14.035 3.8528 31.70 70.6 10.530

9.3564 4.0289 34.30 78.0 7.131

6.2376 4.2050 37.30 83.3 4.352

4.1584 4.3811 40.03 87.1 2.025

2.7723 4.5572 42.21 90.4 -0.295

1.8482 4.7337 45.11 94.4 -3.461

1.2321 4.9094 47.57 96.8 -5.632
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Table B 61

Adhesion Tension of C^NBr - C^QS03Na Mixtures

a t Parafilm /A queous In te rface , I .S . = 0 .1  N (NaBr)

CC10SO3Na = 1.4035 x 10"4 M

c -log C lv e ylv*cos9

l 2 N Br> (C12NBr)

k mol/dm3 mN/m deg . mN/m

14.035 3.8528 34.05 76.5 7.949

9.3564 4.0289 36.86 81.3 5.575

6.2376 4.2050 39.70 86.3 2.562

4.1584 4.3811 42.37 90.5 -0.370

2.7723 4.5572 44.80 93.6 -2.813

1.8482 4.7337 47.64 96.4 -5.310

1.2321 4.9094 49.97 98.5 -7.386
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Table B 62

Adhesion Tension of C^NBr - C^gSOgNa Mixtures

at Parafilm/Aqueous Interface, I.S.  = 0.1 N (NaBr)

CC10SO3Na = 9.3564 x 10‘ 5 M

c -log C lv 6 yiv «Cos8

(C12NBr) (C12NBr)

105x  mol/dm3 mN/m deg. mN/m

21.052 3.6767 34.28 75.2 8.757

14.035 3.8528 36.81 82.1 5.059

9.3564 4.0289 39.31 85.9 2.811

6.2376 4.2050 42.22 89.9 0.074

4.1584 4.3811 45.03 92.6 -2.043

2.7723 4.5572 47.47 95.6 -4.632

1.8482 4.7337 50.08 98.3 -7.229

1.2321 4.9094 52.43 100.2 -9.285
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Table B 63

Adhesion Tension of C^NBr - C^SOgNa Mixtures

a t  Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC1()S 0 3Na = 6.2376 x 1 0 '5 M

c -log C lv 8 y. *Cos9 lv

'12N Br> (C12NBr)

x mol/dm3 mN/m deg . mN/m

21.052 3.6767 36.60 80.5 6.041

14.035 3.8528 39.38 85.3 3.227

9.3564 4.0289 41.83 89.6 0.292

6.2376 4.2050 44.72 92.0 -1.561

4.1584 4.3811 47.40 95.4 -4.461

2.7723 4.5572 49.91 97.7 -6.689

1.8482 4.7337 52.49 100.0 -9.115

1.2321 4.9094 54.68 102.0 -11.369
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Table B 64

Adhesion Tension of C^NBr - CjgS03Na Mixtures

a t  Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC10SO3Na = 4.1584 x 10~5 M

c -log C lv 0 2flv *Cos0

^ N B r ) (C12NBr)

x mol/dm3 mN/m deg . mN/m

21.052 3.6767 39.03 84.7 3.605

14.035 3.8528 41.85 88.6 1.022

9.3564 4.0289 44.30 92.3 -1.778

6.2376 4.2050 47.03 94.5 -3.690

4.1584 4.3811 49.80 96.9 -5.983

2.7723 4.5572 52.25 99.5 -8.624

1.8482 4.7337 54.63 101.6 -10.985

1.2321 4.9094 57.08 103.0 -12.840
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Table B 65

Adhesion Tension of C^NBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC1()S 0 3Na = 2.7723 x 10“5 M

c -log C lv e 2fjv *Cos0

''12NBr) (C12NBr)

x mol/dm3 mN/m deg. mN/m

21.052 3.6767 41.67 88.2 1.312

14.035 3.8528 44.13 91.5 -1.155

9.3564 4.0289 46.64 94.4 -3.578

6.2376 4.2050 49.41 96.8 -5.818

4.1584 4.3811 52.12 98.7 -7.884

2.7723 4.5572 54.43 101.1 -10.479

1.8482 4.7337 56.77 102.7 -12.481

1.2321 4.9094 59.20 104.0 -14.322
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Table B 66

Adhesion Tension of C^NBr - C^QS03Na Mixtures

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC10SO3Na = 1.8482 x  10"5 M

c -log C lv 6 yiv *Cos0

312N Br> (C12NBr)

x mol/dm3 mN/m deg . mN/m

21.052 3.6767 43.90 91.2 -0.919

14.035 3.8528. 46.59 94.5 -3.655

9.3564 4.0289 48.99 97.1 -6.055

6.2376 4.2050 51.60 98.7 -7.805

4.1584 4.3811 54.14 101.2 -10.516

2.7723 4.5572 56.49 102.7 -12.419

1.8482 4.7337 58.83 104.3 -14.531

1.2321 4.9094 61.02 105.4 -16.204
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Table B 67

Adhesion Tension of C^NBr - C^SOaNa Mixtures

a t Parafilm /A queous In te rface , I .S . = 0 .1  N (NaBr)

CC1()S 0 3Na = 1.2321 x 10"5 M

c "log C lv e Y. •Cos0 lv

'12N B r) (C12NBr)

k mol/dm3 mN/m deg. mN/m

21.052 3.6767 46.02 93.9 -3.130

14.035 3.8528 48.64 96.4 -5.422

9.3564 4.0289 51.20 99.1 -8.098

6.2376 4.2050 53.70 100.8 -10.062

4.1584 4.3811 56.42 102.6 -12.308

2.7723 4.5572 58.42 104.4 -14.528

1.8482 4.7337 60.70 105.7 -16.425

1.2321 4.9094 62.71 107.0 -18.335
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Table B 68

Adhesion Tension of C^NBr - C^SOgNa Mixtures

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC10SO3Na = 8.2141 x  10"6 M

c -log C lv 0 2f, *Cos0 lv

'12N B r) (C12NBr)

x mol/dm3 mN/m deg. mN/m

21.052 3.6767 48.03 96.4 -5.354

14.035 3.8528 50.60 98.5 -7.479

9.3564 4.0289 53.45 100.6 -9.832

6.2376 4.2050 55.73 102.0 -11.587

4.1584 4.3811 58.13 104.1 -14.161

2.7723 4.5572 60.20 105.6 -16.189

1.8482 4.7337 62.40 106.7 -17.931

1.2321 4.9094 63.96 107.9 -19.659
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Table B 69

Adhesion Tension of C^NBr - CjgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC NBr = 2 *1052 x  10"4 M

c -log C lv 6 Y, #Cos8 lv

(C10SO3Na) <C10SONa)

105x mol/dm3 mN/m deg . mN/m

9.3564 4.0289 34.28 75.2 8.757

6.2376 4.2050 36.60 80.5 6.041

4.1584 4.3811 39.03 84.7 3.605

2.7723 4.5572 41.67 88.2 1.313

1.8482 4.7337 43.90 91.2 -0.919

1.2321 4.9094 46.02 93.9 -3.130

0.82141 5.0854 48.03 96.4 -5.354
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Table B 70

Adhesion Tension of C^NBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC12NBr = 1.4035 x 10"4 M

c -log C lv 6 y, *Cos9 lv

^SOaNa) (C10SO3Na)

x  mol/dm3 mN/m deg. mN/m

21.052 3.6767 31.70 70.6 10.530

14.035 3.8528 34.05 76.5 7.949

9.3564 4.0289 36.81 82.1 5.059

6.2376 4.2050 39.38 85.3 3.227

4.1584 4.3811 41.85 88.6 1.022

2.7723 4.5572 44.13 91.5 -1.155

1.8482 4.7337 46.59 94.5 -3.655

1.2321 4.9094 48.64 96.4 -5.422

0.82141 5.0854 50.60 98.5 -7.479
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Table B 71

Adhesion Tension of C^NBr - C^SOaNa Mixtures

a t Parafilm /A queous In te rface , I .S . = 0 .1  N (NaBr)

C c !2NBr
= 9.3564 x 1 0 '5 M

c -log C lv 0 y, *Cos0 lv

lQSOaNa) (C10SO3Na)

x mol/dm3 mN/m deg. mN/m

21.052 3.6767 34.30 78.0 7.131

14.035 3.8528 36.86 81.3 5.575

9.3564 4.0289 39.31 85.9 2.811

6.2376 4.2050 41.83 89.6 0.292

4.1584 4.3811 44.30 92.3 -1.778

2.7723 4.5572 46.64 94.4 -3.578

1.8482 4.7337 48.99 97.1 -6.055

1.2321 4.9094 51.20 99.1 -8.098

0.82141 5.0854 53.45 100.6 -9.832
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Table B 72

Adhesion Tension of C-^NBr - C^SOaNa Mixtures

a t Parafilm /A queous In terface , I .S .  = 0 .1  N (NaBr)

C c !2NBr
= 6.2376 x 1 0 '5 M

c “log C lv 6 Y. *Cos8 lv

1QS 0 3Na) (C 10SO3Na)

x  mol/dm3 mN/m deg. mN/m

21.052 3.6767 37.30 83.3 4.352

14.035 3.8528 39.70 86.3 2.562

9.3564 4.0289 42.22 89.9 0.074

6.2376 4.2050 44.72 92.0 -1.561

4.1584 4.3811 47.03 94.5 -3.690

2.7723 4.5572 49.41 96.8 -5.850

1.8482 4.7337 51.60 98.7 -7.805

1.2321 4.9094 53.70 100.8 -10.062

0.82141 5.0854 55.73 102.0 -11.587
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Table B 73

Adhesion Tension of C^NBr - C^QS03Na Mixtures

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

C c !2NBr
= 4.1584 x 10"5 M

c -log C lv e Yjv *Cos8

l 0SO3Na) (C10SO3Na)

x  mol/dm3 ■ mN/m deg. mN/m

21.052 3.6767 40.03 87.1 2.025

14.035 3.8528 42.37 90.5 -0.370

9.3564 4.0289 45.03 92.6 -2.043

6.2376 4.2050 47.40 95.4 -4.461

4.1584 4.3811 49.80 96.9 -5.983

2.7723 4.5572 52.12 98.7 -7.884

1.8482 4.7337 54.14 101.2 -10.516

1.2321 4.9094 56.42 102.6 -12.308

0.82141 5.0854 58.13 104.1 -14.161
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Table B 74

Adhesion Tension of C^NBr - C^SOsNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

C c i2NBr
= 2.7723 x 10"5 M

c -log C lv 8 y, *Cos0 lv

10SO3Na) (C1QS 0 3Na)

x mol/dm3 mN/m deg. mN/m

21.052 3.6767 42.21 90.4 -0.295

14.035 3.8528 44.80 93.6 -2.813

9.3564 4.0289 47.47 95.6 -4.632

6.2376 4.2050 49.91 97.7 -6.687

4.1584 4.3811 52.25 99.5 -8.624

2.7723 4.5572 54.43 101.1 -10.479

1.8482 4.7337 56.49 102.7 -12.419

1.2321 4.9094 58.42 104.4 -14.528

0.82141 5.0854 60.20 105.6 -16.189
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Table B 75

Adhesion Tension of C ^ N B r - C^QS03Na M ixtures 

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr) 

CC NBr = 1.8482 x 1 0 '5 M

c “log C lv e Jf, *Cos8 lv

(C10SO3Na) (C 1QS 0 3Na)

105x  mol/dm3 mN/m deg. mN/m

21.052 3.G767 45.11 94.4 -3.461

14.035 3.8528 47.64 96.4 -5.310

9.35G4 4.0289 50.08 98.3 -7.229

G.2376 4.2050 52.49 100.0 -9.115

4.1584 4.3811 54.63 101.6 -10.985

2.7723 4.5572 56.77 102.7 -12.481

1.8482 4.7337 58.83 104.3 -14.531

1.2321 4.9094 60.70 105.7 -16.425

0.82141 5.0854 62.40 106.7 -17.931
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Table B 76

Adhesion Tension of C ^ N B r - C^gSOgNa M ixtures 

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr) 

CC NBr = 1.2321 x 10"5 M

c “log C lv e y, *Cos9 lv

(C10SO3Na) (C10SO3Na)

105x mol/dm3 mN/m deg. mN/m
s

21.052 3.6767 47.57 96.8 -5.632

14.035 3.8528 49.97 98.5 -7.386

9.3564 4.0289 52.43 100.2 -9.285

- 6.2376 4.2050 54.68 102.0 -11.369

4.1584 4.3811 57.08 103.0 -12.840

2.7723 4.5572 59.20 104.0 -14.322

1.8482 4.7337 61.02 105.4 -16.204

1.2321 4.9094 62.71 107.0 -18.335

0.82141 5.0854 63.96 107.9 -19.659
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Table B 77

Adhesion Tension of C^SC^Na

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.0000

c

x  mol/dm3

-log C lv
mN/m

e

deg .

y, *Cos0 lv
mN/m

36.93 1.433 38.66 83.9 4.108

34.30 1.465 39.27 83.9 4.173

29.17 1.535 38.94 83.7 4.273

24.00 1.620 38.66 84.0 4.041

21.28 1.672 38.76 83.8 4.186

18.46 1.734 39.68 85.6 3.044

14.59 1.836 42.26 87.6 1.770

12.00 1.921 44.14 90.0 0.000

10.64 1.973 45.50 91.5 -1.191

9.232 2.035 46.50 93.0 -2.434

7.294 2.137 49.34 95.2 -4.472

6.001 2.222 50.66 96.1 -5.383

5.320 2.274 52.42 96.3 -5.752

4.616 2.336 53.32 97.8 -7.236

3.647 2.438 55.21 99.3 -8.922

2.308 2.637 59.41 102.3 -12.656

1.500 2.824 62.13 103.8 -14.820
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Table B 78

Adhesion Tension of C^NBr - C^SOgNa Mixtures

at.Teflon/Aqueous Interface, I.S.  = 0.1 N (NaBr)

o = 0.2286

c

x mol/dm3

-log C lv
mN/m

6

deg.

ylv *Cos8

mN/m

2.729 3.564 37.30 90.0 0.000

1.819 3.740 42.37 95.7 -4.208

1.213 3.916 47.47 100.2 -8.406

0.8086 4.092 52.49 103.8 -12.521

0.5391 4.268 57.08 106.4 -16.116
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Table B 79

Adhesion Tension of C^NBr - C^SOaNa Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.5000

c

x  mol/dm3

-log C

%

lv
mN/m

6

deg .

If, *Cos0 lv
mN/m

2.807 3.552 34.05 85.3 2.790

1.871 3.728 39.31 92.6 -1.783

1.248 3.904 44.72 97.6 -5.915

0.8317 4.080 49.80 101.4 -9.843

0.5545 4.256 54.43 105.1 -14.179

0.3696 4.432 58.83 107.6 -17.788

0.2464 4.608 62.71 109.6 -21.036
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Table B 80

Adhesion Tension of C^NBr - C^SOaNa Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.7714

c

x mol/dm3

-log C lv
mN/m

0

deg.

Ylv *Cos0

mN/m

2.729 3.564 36.60 88.5 0.958

1.819 3.740 41.85 94.2 -3.065

1.213 3.916 46.64 99.1 -7.376

0.8086 4.092 51.60 102.9 -11.520

0.5391 4.268 56.42 106.0 -15.552

0.3594 4.445 60.20 108.4 -19.002
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Table B 81

Adhesion Tension of C^NBr

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 1.0000

c

x  mol/dm3

-log C lv
mN/m

e

deg.

2fjv *Cos0

mN/m

93.56 2.029 36.87 81.0 5.768

65.50 2.184 36.87 81.6 5.386

46.78 2.330 36.87 81.6 5.386

32.75 2.485 36.95 81.1 5.717

23.39 2.631 38.20 82.3 5.118

16.37 2.786 41.11 86.8 2.295

11.70 2.932 43.78 90.1 -0.076

8.187 3.087 46.74 93.3 -2.691

5.848 3.233 49.45 95.7 -4.911

4.093 3.388 52.51 98.8 -8.033

3.275 3.485 53.84 99.8 -9.164

2.917 3.582 55.35 101.5 -11.035

2.058 3.687 56.73 102.8 -12.568

1.591 3.798 59.00 103.9 -14.173
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Table B 82

Adhesion Tension of C^SOaNa

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.0000

c

x  mol/dm3

-log C lv
mN/m

e

deg.

Y, *Cos0 lv
mN/m

36.93 1.433 38.66 80.6 6.314

34.30 1.465 39.27 80.4 6.549

29.17 1.535 38.94 80.3 6.561

24.00 1.620 38.66 80.4 6.447

21.28 1.672 38.76 80.6 6.331

18.46 1.734 39! 68 82.1 5.454

14.59 1.836 42.26 84.9 3.757

12.00 1.921 44.14 . 86.8 2.464

10.64 1.973 45.50 87.5 1.985

9.232 2.035 46.50 90.2 -0.162

7.294 2.137 49.34 91.8 -1.550

6.001 2.222 50.66 94.0 -3.534

5.320 2.274 52.42 94.7 -4.295

4.616 2.336 53.32 95.2 -4.833

3.647 2.438 55.21 97.1 -7.397

3.000 2.523 56.86 98.7 -8.601

2.660 2.575 57.90 99.2 -9.257
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2.308

1.500

2.637

2.824

.59.41

62.13

99.5

101.8

-9.805

-12.705
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Table B 83

Adhesion Tension of C^NBr - C^QS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.2286

c

x mol/dm3

-log C lv
mN/m

6

deg.

r iv *Cos0

mN/m

2.729 3.564 37.30 83.3 4.352

1.819 3.740 42.37 90.5 -0.370

1.213 3.916 47.47 95.6 -4.632

0.8086 4.092 52.49 100.0 -9.115

0.5391 4.268 57.08 103.0 -12.840
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Table B 84

Adhesion Tension of C^NBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.5000

c

x  mol/dm3

-log C lv
mN/m

G

deg .

Ylv «CosG

mN/m

2.807 3.552 34.05 76.5 7.945

1.871 3.728 39.31 85.9 2.811

1.248 3.904 44.72 92.0 -1.561

0.8317 4.080 49.80 96.94 -5.983

0.5545 4.256 54.43 101.1 -10.479

0.3696 4.432 58.83 104.3 -14.531

0.2464 4.608 62.71 107.0 -18.335
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Table B 85

Adhesion Tension of C^NBr - C^gSOgNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.7714

c

x moll/dm3

-log C lv
mN/m

6

deg .

Yjv #Cos0

mN/m

2.729 3.564 36.60 80.5 6.041

1.819 3.740 41.85 88.6 1.022

1.213 3.916 46.64 94.4 -3.578

0.8086 4.092 51.60 98.7 -7.805

0.5391 4.268 56.42 102.6 -12.308

0.3594 4.445 60.20 105.6 -16.189
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Table B 86

Adhesion Tension of C^NBr

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 1.0000

c

x mol/dm3

-log C lv
mN/m

0

deg.

y, *Cos0 lv
mN/m

93.56 2.029 36.87 73.1 10.718

65.50 2.184 36.87 73.1 10.718

46.78 2.330 36.87 73.6 10.410

32.75 2.485 36.95 73.7 10.371

23.39 2.631 38.20 76.7 8.788

16.37 2.786 41.11 82.5 5.366

11.70 2.932 43.78 86.2 2.902

8.187 3.087 46.74 90.3 -0.245

5.848 3.233 49.45 93.0 -2.588

4.093 3.388 52.51 95.9 -5.398

3.275 3.485 53.84 97.6 -7.121

2.917 3.582 55.35 98.7 -8.372

2.058 3.687 56.73 100.3 -10.143

1.591 3.798 59.00 101.7 -12.000
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Table B 87

Adhesion Tension of C^TMABr - CgS03Na Mixtures

a t T eflon/A queous In te rface , I .S . = 0 .1  N (NaBr)

CCgS 0 3Na = 9.676 x 10"5 M

c -log C lv 8 y, •Cos8 lv

[4TMABr) 

x mol/dm3

(C14TMABr)

mN/m
s

deg . mN/m

21.77 3.662 33.13 83.8 3.578

14.51 3.838 36.66 89.7 0.192

9.676 4.014 39.65 94.0 -2.766

6.451 4.190 42.84 97.5 -5.592

4.301 4.366 45.77 101.1 -8.812

2.867 4.543 48.36 104.1 -11.781

1.911 4.719 51.02 106.4 -14.405

1.274 4.895 53.36 108.7 -17.108
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Table B 88

Adhesion Tension of C^TMABr - CgS03Na Mixtures

a t T eflon/A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC8S 0 3Na = 6.451 x  10"5 M

c -log C lv e y, *Cos0 lv

[4TMABr) (C14TMABr)

x  mol/dm3 mN/m deg. mN/m

21.77 3.662 34.69 85.8 2.541

14.51 3.838 38.13 91.3 -0.865

9.676 4.014 41.23 95.0 -3.593

6.451 4.190 44.32 98.9 -6.857

4.301 4.366 47.15 101.7 -9.561

2.867 4.543 50.03 104.7 -12.696

1.911 4.719 52.54 106.8 -15.186

1.274 4.895 54.93 109.2 -18.065
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Table B 89

Adhesion Tension of C^TMABr - CgS03Na Mixtures

a t T eflon/A queous In te rface , I .S . = 0 .1  N (NaBr)

CCgS03Na = 4.301 x 1 0 '5 M

c -log C lv e Y, »Cos0 lv

4TMABr) (C14TMABr)

x mol/dm3 mN/m deg. mN/m

21.77 3.662 36.00 87.3 1.696

14.51 3.838 39.46 92.2 -1.515

9.676 4.014 42.60 95.8 -4.305

6.451 4.190 45.73 99.1 -7.233

4.301 4.366 48.57 102.6 -10.585

2.867 4.543 51.29 105.6 -13.793

1.911 4.719 53.94 107.5 -16.220

1.274 4.895 56.28 109.7 -18.971
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Table B 90

Adhesion Tension of C^TMABr - CgSOjNa Mixtures

a t Teflon/A queous In te rface , I .S . = 0 .1  N (NaBr)

CC8S 0 3Na = 2.867 x 10"5 M

c -log C lv e 3Tlv *Cos0

4TMABr) 

x mol/dm3

(C14TMABr)

mN/m deg. mN/m

21.77 3.662 37.08 89.0 0.647

14.51 3.838 40.49 93.2 -2.260

9.676 4.014 43.65 96.3 -4.290

6.451 4.190 46.75 100.0 -8.118

4.301 4.366 49.58 103.2 -11.322

2.867 4.543 52.40 106.0 -14.443

1.911 4.719 54.95 108.3 -17.254

1.274 4.895 57.34 110.3 -19.893
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Table B 91

Adhesion Tension of C^TMABr - CgS03Na Mixtures

a t Teflon/A queous In terface , I .S . = 0 .1  N (NaBr)

CCgS 0 3Na = 1.911 x 10"5 M

c -log C lv e Y, •Cos8 lv

14TMABr) (C14TMABr)

x mol/dm3 mN/m deg. mN/m

21.77 3.662 37.99 89.9 0.066

14.51 3.838 41.33 94.0 -2.883

9.676 4.014 44.54 97.6 -5.891

6.451 4.190 47.53 100.5 -8.662

4.301 4.366 50.47 103.6 -11.868

2.867 4.543 53.13 106.5 -15.090

1.911 4.719 55.98 108.6 -17.855

1.274 4.895 58.38 110.7 -20.636
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Table B 92

Adhesion Tension of C^TMABr - CgS03Na Mixtures

a t T eflon/A queous In te rface , I .S . = 0 .1  N (NaBr)

CC8S 0 3Na = 1.274 x 10"5 M

c -log C lv 0 Yjv *Cos0

[4TMABr) (C14TMABr)

x mol/dm3 mN/m deg. mN/m

21.77 3.662 38.41 90.7 -0.469

14.51 3.838 42.02 94.9 -3.589

9.676 4.014 45.22 97.8 -6.137

6.451 4.190 48.21 101.2 -9.364

4.301 4.366 51.18 104.4 -12.728

2.867 4.543 54.01 107.2 -15.971

1.911 4.719 56.89 109.0 -18.522

1.274 4.895 59.11 111.2 -21.376
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Table B 93

Adhesion Tension of C^TMABr - CgS03Na Mixtures

a t Teflon/A queous In te rface , I .S . = 0 .1  N (NaBr)

CCgS03Na = 8.495 x 10"6 M

c -log C lv 8 y, #cos8 lv

[4TMABr) 

x mol/dm3

(C14TMABr)

mN/m deg. mN/m

21.77 3.662 38.90 91.5 -1.018

14.51 3.838 42.48 95.7 -4.219

9.676 4.014 45.74 98.7 -6.919

6.451 4.190 48.93 102.0 -10.146

4.301 4.366 51.59 104.9 -13.265

2.867 4.543 54.68 107.6 -16.534

1.911 4.719 57.52 109.7 -19.322

1.274 4.895 59.80 111.9 -22.305
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Table B 94

Adhesion Tension of C^TMABr - CgS03Na Mixtures

a t Teflon/A queous In te rface , I .S . = 0 .1  N (NaBr)

CC gS03Na = 5.663 x 10~6 M

c -log C lv e 2fjv #Cos0

4TMABr) (C14TMABr)

x mol/dm3 mN/m deg. mN/m

21.77 3.662 39.28 92.1 -1.439

14.51 3.838 42.79 96.2 -4.621

9.G76 4.014 46.03 99.3 -7.439

6.451 4.190 49.28 102.4 -10.582

4.301 4.366 52.18 105.9 -14.295

2.867 4.543 55.11 108.3 -17.304

1.911 4.719 58.10 110.3 -20.157

1.274 4.895 60.57 112.2 -22.886
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Table B 95

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC14TMABr = 2,177 x  10  ̂ M

c -log C lv 0 tf, *CosG lv

tS 0 3Na) (CgS 0 3Na)

x mol/dm3 mN/m deg . mN/m

9.676 4.014 33.13 83.8 3.578

6.451 4.190 34.69 85.8 2.541

4.301 4.366 36.00 87.3 1.696

2.867 4.543 37.08 89.0 0.647

1.911 4.719 37.99 89.9 0.066

1.274 4.895 38.41 90.7 -0.469

0.8495 5.071 38.90 91.5 -1.018

0.5663 5.247 39.28 92.1 -1.439
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Table B 96

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC14TMABr = 1,451 x 10  ̂ M

c -log C lv e Y. "Cos8 lv

,S03Na) (C8S 0 3Na)

x mol/dm3 mN/m deg. mN/m

9.676 4.014 36.66 89.9 0.192

6.451 4.190 38.13 91.3 -0.865

4.301 4.366 39.46 92.2 -1.515

2.867 4.543 40.49 93.2 -2.260

1.911 4.719 41.33 94.0 -2.883

1.274 4.895 42.02 94.9 -3.589

0.8495 5.071 42.48 95.7 -4.219

0.5663 5.247 42.79 96.2 -4.621
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Table B 97

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC14TMABr = 9 ' 676 * 10' 5 M

c -log C lv 6 2flv *Cos8

tS 0 3Na) (C8S 0 3Na)

x mol/dm3 mN/m deg. mN/m

9.676 4.014 39.65 94.0 -2.766

6.451 4.190 41.23 95.0 -3.593

4.301 4.366 42.60 95.8 -4.305

2.867 4.543 43.65 96.3 -4.790

1.911 4.719 44.54 97.6 -5.891

1.274 4.895 45.22 97.8 -6.137

0.8495 5.071 45.74 98.7 -6.919

0.5663 5.247 46.03 99.3 -7.439
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Table B 98

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Teflon/Aqueous Interface, I.S. 5 0.1 N (NaBr)

CCMTMABr = 6 451 * 10' 5 M

c -log C lv ' 0 Yjv *Cos0

,S03Na) (CgS 0 3Na)

x mol/dm3 mN/m deg. mN/m

9.676 4.014 42.84 97.5 -5.592

6.451 4.190 44.32 98.9 -6.857

4.301 4.366 45.73 99.1 -7.233

2.867 4.543 46.75 100.0 -8.118

1.911 4.719 47.53 100.5 -8.662

1.274 4.895 48.21 101.2 -9.364

0.8495 5.071 48.80 102.0 -10.146

0.5663 5.247 49.28 102.4 -10.582
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Table B 99

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

CCMTMABr = 4 ' 301 x  10' 5 M

c -log C lv 6 2fjv *Cos0

(S 0 3Na) (CgS 0 3Na)

x mol/dm3 mN/m deg. mN/m

9.676 4.014 45.77 101.1 -8.812

6.451 4.190 47.15 101.7 -9.561

4.301 4.366 48.57 102.6 -10.595

2.867 4.543 49.58 103.2 -11.322

1.911 4.719 50.47 103.6 -11.868

1.274 4.895 51.18 104.4 -12.728

0.8495 5.071 51.59 104.9 -13.265

0.5663 5.247 52.18 105.9 -14.295
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Table B 100

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC14TMABr = 2 ' 8S7 *  10' 5 M

c -log C lv e y, *Cos0 lv

tS 0 3Na) (CgS 0 3Na)

x mol/dm3 mN/m deg. mN/m

9.676 4.014 48.36 104.1 -11.781

6.451 4.190 50.03 104.7 -12.696

4.301 4.366 51.29 105.6 -13.793

2.867 4.543 52.40 106.0 -14.443

1.911 4.719 53.13 106.5 -15.090

1.274 4.895 54.01 107.2 -15.971

0.8495 5.071 54.68 107.6 -16.534

0.5663 5.247 55.11 108.3 -17.304
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Table B 101

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Teflon/Aqueous Interface, I.S. s 0.1 N (NaBr)

CCMTMABr -  1911  *  10' 5 M

c -log C lv e y, •CosB lv

jS03Na) (CgS 0 3Na)

x mol/dm3 mN/m deg . mN/m

9.676 4.014 51.02 106.4 -14.405

6.451 4.190 52.54 106.8 -15.186

4.301 4.366 53.94 107.5 -16.220

2.867 4.543 54.95 108.3 -17.254

1.911 4.719 55.98 108.6 -17.855

1.274 4.895 56.89 109.0 -18.522

0.8495 5.071 57.52 109.7 -19.322

0.5663 5.247 58.10 110.3 -20.157
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Table B 102

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

CCMTMABr - ! • » < *  ^  M

c -log C lv 0 Ylv *Cos9

tS 0 3Na) (C8S 0 3Na)

x mol/dm3 mN/m deg. mN/m

9.676 4.014 53.36 108.7 -17.108

6.451 4.190 54.93 109.2 -18.065

4.301 4.366 56.28 109.7 -18.971

2.867 4.543 57.34 110.3 -19.893

1.911 4.719 58.38 110.7 -20.636

1.274 4.895 59.11 111.2 -21.376

0.8495 5.071 59.80 111.9 -22.305

0.5663 5.247 60.57 112.2 -22.886
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Table B 103

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC8S 0 3Na = 9.676 x 10"5 M

c -log C *lv e y, *CosB lv

[4TMABr) (C14TMABr)

x  mol/dm3 mN/m deg. mN/m

21.77 3.662 33.13 70.6 11.004

14.51 3.838 36.66 78.8 7.121

9.676 4.014 39.65 84.8 3.594

6.451 4.190 42.84 89.7 0.224

4.301 4.366 45.77 93.3 -2.658

2.867 4.543 48.36 96.7 -5.642

1.911 4.719 51.02 100.3 -9.122

1.274 4.895 53.36 102.6 -11.640
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Table B 104

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CCgS 0 3Na = 6.451 x 10"5 M

c -log C lv 0 ' y, #Cos0 lv

L4TMABr) (C14TMABr)

x  mol/dm3 mN/m deg. mN/m

21.77 3.662 34.69 73.8 9.678

14.51 3.838 38.13 80.8 6.096

9.676 4.014 41.23 86.5 2.517

6.451 4.190 44.32 90.9 -0.696

4.301 4.366 47.15 94.6 -3.781

2.867 4.543 50.03 98.0 -6.963

1.911 4.719 52.54 101.2 -10.205

1.274 4.895 54.93 103.2 -12.543
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Table B 105

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC8S 0 3Na = 4.301 x 10"5 M

c -log C lv 6 Ylv «Cos6

[4TMABr) (C14TMABr)

x mol/dm3 mN/m deg.

s

mN/m

21.77 3.662 36.00 75.6 8.953

14.51 3.838 39.46 82.8 4.946

9.676 4.014 42.60 87.7 1.710

6.451 4.190 45.73 91.8 -1.436

4.301 4.366 48.57 95.6 -4.740

2.867 4.543 51.29 99.0 -8.024

1.911 4.719 53.94 101.7 -10.938

1.274 4.895 56.28 103.8 -13.425
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Table B 106

Adhesion Tension of C^TMABr - CgS 03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CCgS 0 3Na = 2.867 x 10"5 M

c -log C lv 6

y
" • O o CO CD

[4TMABr) (C14TMABr)

x  mol/dm3 mN/m deg. mN/m

21.77 3.662 37.08 77.9 7.773

14.51 3.838 40.49 84.0 4.232

9.676 4.014 43.65 89.2 0.G09

6.451 4.190 46.75 93.2 -2.610

4.301 4.366 49.58 96.5 -5.613

2.867 4.543 52.40 99.8 -8.919

1.911 4.719 54.95 102.3 -11.706

1.274 4.895 57.34 104.4 -14.230
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Table B 107

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC gS03Na = 1.911 x 10-5 M

c -log C lv e Y, *Cos0 lv

L4TMABr) (C14TMABr)

x  mol/dm3 mN/m deg. mN/m

21.77 3.662 37.99 79.0 7.249

14.51 3.838 41.33 85.2 3.458

9.676 4.014 44.54 90.4 -0.311

6.451 4.190 47.53 93.8 -3.150

4.301 4.366 50.47 97.2 -6.326

2.867 4.543 53.13 100.3 -9.500

1.911 4.719 55.98 102.8 -12.402

1.274 4.895 58.38 104.8 -14.913
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Table B 108

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CCgSOaNa = 1.274 x 10"5 M

c -log C lv 8 2flv *Cos8

Li|TMABr) 

x  mol/dm3

(C14TMABr)

mN/m deg. mN/m

21.77 3.662 38.41 80.3 6.472

14.51 3.838 42.02 86.2 2.785

9.676 4.014 45.22 91.1 -0.868

6.451 4.190 48.21 94.5 -3.783

4.301 4.366 51.18 98.1 -7.211

2.867 4.543 54.01 101.0 -10.306

1.911 4.719 56.89 103.4 -13.184

1.274 4.895 59.11 105.6 -15.896
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Table B 109

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC8S 0 3Na = 8.495 x 10"6 M

c -log C lv 6 •CosBlv

(C14TMABr) (C14TMABr)

105x  mol/dm3 mN/m deg. mN/m

21.77 3.662 38.90 81.4 5.817

14.51 3.838 42.48 87.2 2.075

9.676 4.014 45.74 91.8 -1.437

6.451 4.190 48.93 95.3 -4.508

4.301 4.366 51.59 98.5 -7.625

2.867 4.543 54.68 101.6 -10.995

1.911 4.719 57.52 104.2 -14.061

1.274 4.895 59.80 106.1 -16.583
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Table B 110

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CCgS 0 3Na = 5.663 x 10“G M

c -log C lv 0 y, *Cos0 lv

L4TMABr) (C 14TMABr)

x mol/dm3 mN/m deg. mN/m

21.77 3.662 39.28 82.6 5.059

14.51 3.838 42.79 88.0 1.493

9.676 4.014 46.03 92.3 -1.847

6.451 4.190 49.28 95.8 -4.980

4.301 4.366 52.18 99.2 -8.343

2.867 4.543 55.11 102.4 -11.834

1.911 4.719 58.10 104.8 -14.841

1.274 4.895 60.57 106.5 -17.203
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Table B 111

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC14TMABr = 2,177 x  10  ̂ M

c -log C lv 6 yiv «Cos0

tSOaNa) (CgSOaNa)

x mol/dm3 mN/m deg. mN/m

9.676 4.014 33.13 70.6 11.004

6.451 4.190 34.69 73.8 9.678

4.301 4.366 36.00 75.6 8.953

2.867 4.543 37.08 77.9 7.773

1.911 4.719 37.99 79.0 7.249

1.274 4.895 38.41 80.3 6.472

0.8495 5.071 38.90 81.4 5.817

0.5663 5.247 39.28 82.6 5.059
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Table B 112

Adhesion Tension of C^TM A Br - CgS03Na M ixtures 

a t Parafilm /A queous In te rface , I .S . = 0 .1  N (NaBr)

CC14TMABr = 1451  *  10' 4 M

C -log C 0 Ylv *Cos0

(C8S 0 3Na) (C8S 0 3Na)

10sx  mol/dm3 mN/m deg . mN/m

9.676 4.014 36.66 78.8 7.121

6.451 4.190 38.13 80.8 6.096

4.301 4.366 39.46 82.8 4.946

2.867 4.543 40.49 84.0 4.232

1.911 4.719 41.33 85.2 3.458

1.274 4.895 42.02 86.2 2.785

0.8495 5.071 42.48 87.2 2.075

0.5663 5.247 42.79 88.0 1.493
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Table B H3

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CCMTMABr = 9 676 *  10' 5 M

c -log C lv e 3jv *Cos0

(S 0 3Na) (C8S 0 3Na)

x mol/dm3 mN/m deg. mN/m

9.676 4.014 39.65 84.8 3.594

6.451 4.190 41.23 86.5 2.517

4.301 4.366 42.60 87.7 1.710

2.867 4.543 43.65 89.2 0.609

1.911 4.719 44.54 90.4 -0.311

1.274 4.895 45.22 91.1 -0.868

0.8495 5.071 45.74 91.8 -1.437

0.5663 5.247 46.03 92.3 -1.847
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Table B 114

Adhesion Tension of C^TMABr - CgSOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC14TMABr = 6,451 x  10 & M

'

c -log C lv 6 • o o 03 C
D

3S 0 3Na) (C gS03Na)

x  mol/dm3 mN/m deg. mN/m

9.676 4.014 42.84 89.7 0.224

6.451 4.190 44.32 90.9 -0.696

4.301 4.366 45.73 91.8 -1.436

2.867 4.543 46.75 93.2 -2.610

1.911 4.719 47.53 93.8 -3.150

1.274 4.895 48.21 94.5 -3.783

0.8495 5.071 48.80 95.3 -4.508

0.5663 5.247 49.28 95.8 -4.980
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Table B 115

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC14TMABr * 4 301 *  10' 5 M

c -log C lv 6 y, *Cos0 lv

tS 0 3Na) (CgS 0 3Na)

x mol/dm3 mN/m deg. mN/m

9.676 4.014 45.77 93.3 -2.635

6.451 4.190 47.15 94.6 -3.781

4.301 4.366 48.57 95.6 -4.740

2.867 4.543 49.58 96.5 -5.613

1.911 4.719 50.47 97.2 -6.326

1.274 4.895 51.18 98.1 -7.211

0.8495 5.071 51.59 98.5 -7.625

0.5663 5.247 52.18 99.2 -8.343
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Table B 116

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

CC14TMABr = 2 867 X 10' 5 M

c -log C Z.lv e Yjv »Cos9

(CgSOoNa) (CgS 0 3Na)

105 x  mol/dm3 mN/m deg . mN/m

9.676 4.014 48.36 96.7 -5.642

6.451 4.190 50.03 98.0 -6.963

4.301 4.366 51.29 99.0 -8.024

2.867 4.543 52.40 99.8 -8.919

1.911 4.719 53.13 100.3 -9.500

1.274 4.895 54.01 101.0 -10.306

0.8495 5.071 54.68 101.6 -10.995

0.5663 5.247 55.11 102.4 -11.834
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Table B 117

Adhesion Tension of C^TMABr - CgS03Na Mixtures

a t Parafilm /Aqueous In te rface , I .S . s 0 ,1  N (NaBr)

CC14TMABr 1-911 x  10 5 M

c -log C lv e 2fjv *Cos8

(S 0 3Na) (CgS 0 3Na)

x mol/dm3 mN/m
\

deg. mN/m

9.676 4.014 51.02 100.3 -9.122

6.451 4.190 52.54 101.2 -10.205

4.301 4.366 53.94 101.7 -10.938

2.867 4.543 54.95 102.3 -11.706

1.911 4.719 55.98 102.8 -12.401

1.274 4.895 56.89 103.4 -13.184

0.8495 5.071 57.52 104.2 -14.061

0.5663 5.247 58.10 104.8 -14.481
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Table B 118

Adhesion Tension of C^TMABr - CgS03Na Mixtures

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

CC14TMABr * 1 -274 * 10' 5 M

c -log C lv 0 ylv *Cose

tS 0 3Na) (CgSOaNa)

x mol/dm3 mN/m deg . mN/m

9.676 4.014 53.36 103.1 -12.094

6.451 4.190 54.93 103.2 -12.543

4.301 4.366 56.28 103.8 -13.425

2.867 4.543 57.34 104.4 -14.230

1.911 4.719 58.38 104.8 -14.913

1.274 4.895 59.11 105.6 -15.896

0.8495 5.071 59.80 106.1 -16.583

0.5663 5.247 60.57 106.5 -17.203
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Table B 119

Adhesion Tension of CgS03Na

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.0000

c

x  mol/dm3

-log C lv
mN/m

e

deg.

Y, *Cos9 lv
mN/m

30.28 0.519 41.37 92.0 -1.444

20.48 0.689 41.86 91.8 -1.313

18.17 0.741 42.11 91.9 -1.396

16.32 0.787 42.27 93.8 -2.801

14.15 0.849 42.78 96.0 -4.175

12.11 0.917 44.57 96.8 -5.227

10.24 0.990 45.81 98.2 -6.532

8.166 1.088 47.84 100.7 -8.882

7.570 1.121 48.38 100.9 -9.148

7.074 1.150 48.84 101.3 -9.570

6.056 1.218 50.49 102.8 -11.186

5.120 1.291 51.74 104.0 -12.517

4.080 1.389 54.05 105.4 -14.353

3.785 1.422 54.35 105.8 -14.798

3.537 1.451 55.05 106.1 -15.266

3.028 1.519 56.35 107.8 -17.226

2.560 1.592 58.02 108.2 -18.122
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2.040

1.893

1.690

1.723

59.81

60.33

109.2

110.2

-19.670

-20.883

v
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Table B 120

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.4000

c

x  mol/dm3

-log C lv
mN/m

e

deg .

y, *cos0 lv
mN/m

18.13 3.792 42.84 97.5 -5.592

10.75 3.969 47.15 101.7 -9.561

7.168 4.145 51.29 105.6 -13.793

4.778 4.321 54.95 108.3 -17.254

3.185 4.497 58.38 110.7 -20.636
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Table B 121

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Teflon/Aqueous Interface, I.S. s 0.1 N (NaBr)

o = 0.6923

c

x mol/dm3

-log C lv
mN/m

6

deg.

Y, *Cos8 lv
mN/m

31.45 3.502 33.13 83.8 3.578

20.96 3.679 38.13 91.3 -0.865

13.98 3.855 42.60 95.8 -4.305

9.318 4.031 46.75 100.0 -8.118

6.212 4.207 50.47 103.6 -11.868

4.141 4.383 54.01 107.2 -15.971

2.761 4.559 57.52 109.7 -19.322

1.840 4.735 60.57 112.2 -22.886
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Table B 122

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Teflon/Aqueous Interface, I.S. s 0,1 N (NaBr)

a = 0.8836

C -log C 2fjv  0 2Tjv #Cos0

10sx mol/dm3 mN/m deg . mN/m

24.64 3.608 37.08 89.0 0.647

16.42 3.785 41.33 94.0 -2.883

10.95 3.961 45.22 97.8 -6.137

7.301 4.137 48.93 102.0 -10.146

4.867 4.313 52.18 105.9 -14.295
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Table B 123

Adhesion Tension of C^TMABr

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 1.0000

c

x  mol/dm3

-log C lv
mN/m

0

deg.

y, *Cos0 lv
mN/m

7.971 3.099 34.42 80.9 5.444

5.314 3.275 34.44 81.0 5.388

3.986 3.400 34.58 81.4 5.171

2.657 3.576 38.10 86.8 2.127

2.104 3.677 40.01 90.2 -0.140

1.993 3.701 40.51 90.6 -0.424

1.329 3.877 43.89 94.6 -3.520

1.102 3.958 46.11 95.3 -4.259

0.9964 4.002 46.42 97.4 -5.979

0.6643 4.178 49.71 100.2 -8.803

0.5260 4.279 51.47 101.7 -10.437

0.2754 4.560 56.39 105.8 -15.354

0.2515 4.600 57.42 106.3 -16.116

0.1315 4.881 62.29 109.0 -20.280
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Table B 124

Adhesion Tension of CgS03Na

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.0000

c

x  mol/dm3

-log C lv
mN/m

6

deg .

Y. *Cos0 lv
mN/m

30.28 0.519 41.37 87.2 2.021

20.48 0.689 41.86 86.9 2.264

18.17 0.741 42.11 87.1 2.130

16.32 0.787 42.27 87.8 1.623

14.15 0.849 42.78 89.6 0.299

12.11 0.917 44.57 91.6 -1.244

10.24 0.990 45.81 93.2 -2.557

8.166 1.088 47.84 95.3 -4.419

7.570 1.121 48.38 95.8 -4.889

7.074 1.150 48.84 96.6 -5.614

6.056 1.218 50.49 97.8 -6.812

5.120 1.291 51.74 98.4 -7.558

4.080 1.389 54.05 100.1 -9.479

3.785 1.422 54.35 100.7 -10.091

3.537 1.451 55.05 101.4 -10.881

3.028 1.519 56.35 102.5 -J2.196

2.560 1.592 58.02 103.3 -13.347
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2.040

1.893

1.690

1.723

59.81

60.33

104.4

105.0

-14.874

-15.615
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Table B 125

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.4000

c

x mol/dm3

-log C lv
mN/m

e

deg .

Y, *Cos0 lv
mN/m

16.13 3.792 42.84 89.7 0.224

10.75 3.969 47.15 94.6 -3.781

7.168 4.145 51.29 99.0 -8.024

4.778 4.321 54.95 102.3 -11.706

3.185 4.497 58.38 105.8 -15.890
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Table B 126

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.6923

c

x mol/dm3

-log C lv
mN/m

e

deg .

y. *Cos0 lv
mN/m

31.45 3.502 33.13 70.3 11.168

20.96 3.679 38.13 80.8 6.096

13.98 3.855 42.60 87.7 1.710

9.318 4.031 46.75 93.2 -2.610

6.212 4.207 50.47 97.2 -6.326

4.141 4.383 54.01 101.0 -10.306

2.761 4.559 57.52 104.2 -14.061

1.840 4.735 60.57 107.0 -17.709
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Table B 127

Adhesion Tension of C^TMABr - CgS03Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.8836

c

x mol/dm3

-log C lv
mN/m

8

deg.

y, *Cos0 lv
mN/m

24.64 3.608 37.08 77.9 7.773

16.42 3.785 41.33 85.7 3.099

10.95 3.961 45.22 91.1 -0.868

7.301 4.137 48.93 95.3 -4.508

4.867 4.313 52.18 99.2 -8.343
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Table B 128

Adhesion Tension of C^TMABr

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 1.0000

c

x  mol/dm3

-log C lv
mN/m

e

deg.

Ylv *Cos0

mN/m

7.971 3.099 34.42 69.9 11.829

5.314 3.275 34.44 70.1 11.723

3.986 3.400 34.58 69.7 11.997

2.657 3.576 38.10 78.4 7.661

2.104 3.677 40.01 81.9 5.637

1.993 3.701 40.51 82.3 5.428

1.329 3.877 43.89 88.2 1.319

1.102 3.958 46.11 90.3 -0.241

0.9964 4.002 46.42 91.5 -1.215

0.6643 4.178 49.71 94.9 -4.246

0.5260 4.279 51.47 97.3 -6.540

0.2754 4.560 56.39 102.0 -11.917

0.2515 4.600 57.42 102.6 -12.526

0.1315 4.881 62.29 106.8 -18.004
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Table B 129

Adhesion Tension of C^SC^Na

in Water at Teflon/Aqueous Interface,

o = 0.0000

c

x mol/dm3

-log C lv
mN/m

6

deg.

2fjv *Cos8

mN/m

20.46 1.689 38.80 82.2 5.265

10.80 1.967 39.46 82.7 5.014

8.536 2.069 42.90 87.0 2.245

7.068 2.151 45.68 89.4 0.478

4.948 2.306 50.90 95.5 -4.879

2.827 2.549 58.08 100.5 -10.582

2.120 2.674 61.30 102.9 -13.685
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Table B 130

Adhesion Tension of C^BMG - C^SOaNa Mixtures

in Water at Teflon/Aqueous Interface,

a = 0.0134

c

x mol/dm3

-log C lv
mN/m

e

deg.

Y, *Cos0 lv
mN/m

6.442 2.191 30.62 73.6 8.645

4.508 2.346 29.20 72.4 8.829

3.221 2.492 28.04 80.5 4.628

2.576 2.589 31.66 83.6 3.531

1.288 2.890 41.38 94.9 -3.535

0.9204 3.036 45.22 99.1 -7.409
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Table B 131

Adhesion Tension of C^BMG - C^SOaNa Mixtures

in Water at Teflon/Aqueous Interface,

a = 0.0276

c  -log c  *lv 0 ylv *Cos8

103x mol/dm3 mN/m deg. mN/m

5.875 2.231 30.66 75.0 7.935

3.524 2.453 29.06 72.5 8.739

2.244 2.649 29.28 78.8 5.687

1.762 2.754 32.50 84.7 3.002

1.175 2.930 42.49 91.0 -0.742

0.5875 3.231 50.12 97.9 -6.887
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Table B 132

Adhesion Tension of C^BMG - C^SOaNa Mixtures

in Water at Teflon/Aqueous Interface,

a = 0.0884

C -log C 0 2fjv *Cos0

103x mol/dm3 ' mN/m deg . mN/m

3.427 2.465 30.75 74.1 8.424

2.285 2.641 30.35 72.6 9.075

1.714 2.766 30.08 71.8 9.370

1.371 2.863 29.90 74.1 8.191

1.097 2.960 30.94 78.8 6.010

0.6854 3.164 36.20 85.2 3.029

0.4387 3.358 41.28 89.7 0.215

0.2194 3.659 48.28 96.7 -5.633
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Table B 133

Adhesion Tension of C^BMG - C^SC^Na Mixtures

in Water at Teflon/Aqueous Interface,

a = 0.3274

C -log C *lv 6 2flv »Cos0

103x mol/dm3 mN/m deg . mN/m

3.341 2.476 32.95 73.6 9.303

2.005 2.698 32.20 73.6 9.091

1.0G9 2.971 31.88 72.2 9.746

0.6682 3.175 30.72 73.7 8.622

0.4276 3.369 34.52 79.6 6.232

0.2138 3.670 41.38 88.1 1.374

0.1710 3.767 43.35 90.9 -0.681

0.08552 4.068 49.00 96.8 -5.802
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Table B 134

Adhesion Tension o£ C^BMG - C^SOaNa Mixtures

in Water at Teflon/Aqueous Interface,

a = 0.6864

C -log C 2fjv 0 Yjv *Cos0

lO^x mol/dm3 mN/m deg . mN/m

18.44 2.734 33.04 73.3 9.494

12.91 2.889 32.62 73.1 9.483

9.220 3.035 32.20 72.7 9.575

5.163 3.287 31.35 72.9 9.218

3.614 3.442 33.12 74.5 8.851

2.582 3.588 36.53 80.4 6.092

1.807 3.743 39.92 83.4 4.588

1.033 3.986 44.70 89.7 0.234

0.6609 4.180 48.32 92.9 -3.885
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Table B 135

Adhesion Tension of C^BMG - C^SOaNa Mixtures

in Water at Teflon/Aqueous Interface,

a = 0.9448

c

x mol/dm3

-log C lv
mN/m

e

deg .

Yjv *Cos0

mN/m

15.38 2.813 33.20 68.9 11.952

10.77 2.968 33.20 69.2 11.790

4.306 3.366 33.20 69.3 11.735

3.017 3.520 35.58 74.8 9.329

2.307 3.637 37.68 77.8 7.963

1.722 3.764 40.00 81.6 5.843

0.6870 4.162 46.73 91.1 -0.897

0.3445 4.463 51.28 96.4 -5.716
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Table B 136

Adhesion Tension of C^BMG

in Water at Teflon/Aqueous Interface,

o = 1.000

c

x  mol/dm3

-log C *lv
mN/m

e

deg .

Y, *Cos0 lv
mN/m

8.910 3.050 32.80 70.0 11.218

8.479 3.072 32.80 70.1 11.164

4.455 3.351 34.15 69.6 11.904

3.564 3.448 35.68 74.0 9.833

1.859 3.731 40.32 81.6 5.891

1.069 3.971 44.28 88.2 1.391

0.7128 4.147 47.18 91.9 -1.564

0.3564 4.448 52.40 96.9 -6.295
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Table B 137

Adhesion Tension of Cj^SOaNa

in Water at Parafilm/Aqueous Interface,

a = 0.0000

c

x mol/dm3

-log C lv
mN/m

6

deg.

Z, *Cos0 lv
mN/m

20.46 1.689 38.80 67.9 14.598

10.80 1.967 39.46 69.7 13.690

8.536 2.069 42.90 76.8 9.796

7.068 2.151 45.68 80.5 7.539

6.844 2.165 46.15 81.2 7.060

3.915 2.407 54.04 90.6 -0.566

2.349 2.629 60.20 97.5 -7.858

2.120 2.674 61.30 99.4 -10.012
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Table B 138

Adhesion Tension of C^BMG - C^SOaNa Mixtures

in Water at Teflon/Aqueous Interface,

a = 0.0134

c

x mol/dm3

-log C lv
mN/m

e

deg.

y, #Cos0 lv
mN/m

6.532 2.185 30.70 51.8 18.985

4.180 2.379 29.62 51.6 18.398

3.344 2.476 28.40 56.8 15.551

2.675 2.573 31.10 63.7 13.780

1.672 2.777 38.00 75.4 9.579

1.254 2.902 41.74 82.6 5.376.

0.6684 3.175 48.70 94.0 -3.397
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Table B 139

Adhesion Tension of C^BMG - C^SOgNa Mixtures

in Water at Parafilm/Aqueous Interface,

a = 0.0276

c

x mol/dm3

-log C lv
mN/m

0

deg .

y, #Cos0lv
mN/m

7.557 2.122 31.25 52.8 18.894

3.023 2.520 28.60 51.7 17.726

2.418 2.617 28.30 55.8 15.907

1.511 2.821 34.50 70.6 11.460

1.209 2.918 37.36 75.6 9.291

0.9672 3.014 40.40 79.3 7.501

0.4836 3.316 47.80 92.1 -1.752

0.1934 3.714 56.75 101.6 -11.411
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Table B 140

Adhesion Tension of C^BMG - C^SOaNa Mixtures

in Water at Parafilm/Aqueous Interface,

o = 0.0884

c

x  mol/dm3

-log C lv
mN/m

8

deg.

Yjv *Cos8

mN/m

3.427 2.465 30.75 54.4 18.900

2.285 2.641 30.35 53.0 18.259

1.714 2.766 30.08 49.0 19.734

1.371 2.863 29.90 50.3 . 19.099

1.097 2.960 30.94 56.5 17.082

0.6854 3.164 36.20 69.3 12.796

0.4387 3.358 41.28 79.4 7.594

0.2194 3.659 48.28 90.4 -0.337

0.1097 3.960 54.54 97.0 -6.647
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Table B 141

Adhesion Tension of - C^SOgNa Mixtures

in Water a t Parafilm /Aqueous In te rface , 

o = 0.3274

c

x  mol/dm3

-log C *lv
mN/m

6

deg.

Y, *Cos0 lv
mN/m

3.341 2.476 32.95 58.9 17.020

2.005 2.698 32.20 58.2 16.968

1.609 2.793 31.93 58.7 16.588

0.6682 3.175 30.72 56.5 16.961

0.4276 3.369 34.56 63.6 15.367

0.2138 3.670 41.36 78.4 8.317

0.1710 3.767 43.35 82.3 5.808

0.08552 4.068 49.02 89.9 0.086
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Table B 142

Adhesion Tension of C^BMG - C^SOaNa Mixtures

in Water at Parafilm/Aqueous Interface,

o = 0.68G4

C -log C 0 *lv *Cos0

lO^x mol/dm3 mN/m deg . mN/m

18.44 2.734 33.03 59.1 16.962

12.91 2.889 32.60 58.5 17.033

9.220 3.035 32.20 58.2 16.968

5.163 3.287 31.35 58.1 16.567

3.614 3.442 33.12 58.3 17.404

2.582 3.588 36.53 66.8 14.395

1.807 3.743 39.95 74.4 10.743

1.033 3.986 44.70 84.1 4.595

0.8261 4.083 46.54 86.4 2.922

0.6609 4.180 48.32 88.5 1.265

0.3304 4.481 53.31 93.2 -2.976
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Table B 143

Adhesion Tension of C^BMG - C^SOgNa Mixtures

in Water at Parafilm/Aqueous Interface,

a = 0.9448

c

x mol/dm3

-log C lv
mN/m

e

deg.

Y. #Cos0 lv
mN/m

7.690 3.114 33.20 57.0 18.136

4.306 3.366 33.20 56.7 18.228

3.017 3.520 35.58 59.3 18.165

2.307 3.637 37.68 67.2 14.602

1.722 3.764 40.00 71.2 12.891

0.8612 4.065 45.18 82.0 6.288

0.6890 4.162 46.76 84.5 4.482

0.3445 4.463 51.36 91.1 -0.986
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Table B 144

Adhesion Tension of C^BMG

in Water a t Parafilm /A queous In te rface ,

a = 1.000

c

x  mol/dm3

-log C lv
mN/m

e

deg.

y, *Cos0 lv
mN/m

8.190 3.087 32.80 52.6 19.922

4.704 3.328 33.20 52.0 20.440

4.455 3.351 34.15 53.0 20.552

3.564 3.448 35.68 57.8 19.013

1.859 3.731 40.50 71.7 12.717

1.069 3.971 44.28 76.6 10.262

0.6479 ' 4.188 47.84 85.8 3.504

0.2113 4.675 55.30 94.3 -4.146
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Table B 145

Adhesion Tension of C^SOsNa

in Water a t Polyethylene/A queous In te rface ,

a' = 0 .0 0 0 0

c

x mol/dm3

“log C lv
mN/m

0

deg.

y, *Cos0 lv
mN/m

20.46 1.689 38.80 54.5 22.531

10.80 1.967 39.46 54.8 22.746

8.536 2.069 42.90 61.5 20.470

7.068 2.151 45.68 68.1 17.038

4.948 2.306 50.83 73.5 14.436

3.915 2.407 54.04 78.3 10.959

2.827 2.549 58.06 80.7 9.383

2.120 2.674 61.30 84.8 5.556
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Table B 146

Adhesion Tension of C^BMG - C^gSOgNa Mixtures

in Water at Polyethylene/Aqueous Interface,

a = 0.0884

c

x  mol/dm3

-log C lv
mN/m

0

deg .

2fjv *Cos0

mN/m

1.714 2.766 30.08 43.3 21.891

1.371 2.863 29.90 42.3 22.115

1.097 2.960 30.94 49.5 20.094

0.6854 3.164 36.20 60.9 17.605

0.4387 3.358 41.28 69.6 14.389

0.2194 3.659 . 48.28 77.3 10.614

0.1316 3.881 52.98 82.7 6.732
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Table B 147

Adhesion Tension of C^BMG - C^SOaNa Mixtures

in Water at Polyethylene/Aqueous Interface,

o = 0.3274

c

x mol/dm3

-log C lv
mN/m

e

deg.

Jfjv *Cos0

mN/m

3.341 2.476 32.95 44.0 23.702

2.005 2.698 32.20 43.4 23.396

1.069 2.971 31.38 43.0 22.950

0.6682 3.175 30.72 43.2 22.394

0.4276 3.369 34.56 53.7 20.460

0.2138 3.670 41.36 66.8 16.293

0.1710 3.767 43.35 69.6 15.111

0.08552 4.068 49.02 77.9 10.276
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Table B 148

Adhesion Tension of C^BMG - C^SOgNa Mixtures

in Water at Polyethylene/Aqueous Interface,

a = 0.6864

c

x  mol/dma

-log C lv
mN/m

0

deg .

y, *Cos0 lv
mN/m

12.91 2.889 32.60 40.9 24.641

9.220 3.035 32.20 40.6 24.449

5.163 3.287 31.35 39.1 24.469

2.582 3.588 36.53 54.8 21.057

1.807 3.743 39.95 61.6 19.001

1.033 3.986 44.70 69.8 15.435

0.8261 4.083 46.54 71.6 14.690

0.6609 4.180 48.32 75.7 11.932

0.3304 4.481 53.31 80.0 9.257
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Table B 149

Adhesion Tension of C^BMG - C^SOgNa Mixtures

in Water at Polyethylene/Aqueous Interface,

o = 0.9448

c

x mol/dm3

-log C lv
mN/m

0

deg .

Y. »Cos0 lv
mN/m

15.38 2.813 33.20 41.4 24.904

10.77 2.968 33.20 41.9 24.711

3.017 3.520 35.58 49.0 23.343

2.307 3.637 37.68 55.1 21.558

1.722 3.764 40.00 60.5 19.697

0.8612 4.065 45.18 70.2 15.304

0.6890 4.162 46.76 72.4 14.139

0.3445 4.463 51.36 77.8 10.854
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Table B 150

Adhesion tension of C^BMG

in Water at Polyethylene/Aqueous Interface,

a = 1.000

C -log C Ylv 0 Ylv »Cos8

lO^x mol/dm3 mN/m deg . mN/m

8.479 3.072 32.80 34.9 26.901

5.087 3.294 32.80 35.5 26.703

4.455 3.351 34.15 37.2 27.201

3.564 3.448 35.68 44.9 25.273

1.859 3.731 40.50 59.1 20.798

1.069 3.971 44.28 .67 .5 16.945

0.7128 4.147 47.18 71.5 14.970

0.3564 4.448 51.90 78.1 10.702
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Table B 151

Adhesion Tension of C^BMG - C^SOgNa Mixtires

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a s 0.02035

c

x mol/dm3

"log C lv
mN/m

6

deg.

Z. *Cos0 lv
mN/m

10.22 2.991 29.96 73.2 8.659

5.110 3.292 35.23 85.0 3.070

2.555 3.593 42.52 94.7 -3.484

1.277 3.894 49.18 102.0 -10.225

0.6387 4.195 55.35 105.3 -14.605

0.3193 4.496 60.50 106.0 -16.676
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Table B 152

Adhesion Tension of C^BMG - C^SC^Na Mixtires

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.08488

c

x mol/dm3

-log C lv
mN/m

6

deg .

3f, #Cos8 lv
mN/m

9.956 3.002 29.21 63.4 13.079

4.978 3.303 30.87 73.5 8.768

2.489 3.604 37.83 87.0 1.980

1.245 3.905 44.48 96.2 -4.804

0.6222 4.206 50.94 100.6 -9.370

0.3111 4.507 56.73 104.3 -14.012
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Table B 153

Adhesion Tension of C^BMG - C^SC^Na Mixtires

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.3550

c

x  mol/dm3

-log C lv
mN/m

e

deg.

y, »Cos0 lv
mN/m

7.777 3.109 29.22 66.1 11.838

3.794 3.421 29.16 65.6 12.046

1.897 3.722 34.31 80.6 5.604

0.9484 4.023 41.17 91.3 -0.934

0.4742 4.324 47.26 97.5 -6.169

0.2371 4.625 52.84 102.3 -11.256
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Table B 154

Adhesion Tension of C^BMG - C^SOaNa Mixtires

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.6926

c

x mol/dm3

-log C lv
mN/m

0

deg.

y, *Cos0 lv
mN/m

32.64 3.486 29.96 68.2 .11.126

16.32 3.787 34.51 80.8 5.517

8.160 4.088 40.82 90.6 -0.427

4.080 4.389 46.77 96.4 -5.213

2.040 4.690 52.48 100.4 -9.474

1.020 4.991 57.36 104.4 -14.265
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Table B 155

Adhesion Tension of C^IJMG _ c^SC^Na Mixtires

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.9186

c

x mol/dm3

-log C lv
mN/m

e

deg .

Y. *Cos0 lv
mN/m

61.63 3.210 30.73 69.6 10.712

30.81 3.511 30.58 70.0 10.459

15.41 3.812 36.56 82.9 4.519

7.704 4.113 42.50 91.7 -1.261

3.852 4.414 48.00 97.1 -5.933

1.926 4.715 52.93 101.7 -10.734
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Table B 156

Adhesion Tension of C^BMG

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 1.000

c

x mol/dm3

-log C lv
mN/m

e

deg .

Y, *Cos0 lv
mN/m

60.28 3.220 32.40 73.1 9.419

30.14 3.521 34.60 76.6 8.018

18.04 3.744 38.32 85.7 2.873

9.645 4.016 42.84 91.5 -1.121

4.823 4.317 47.70 96.4 -5.317

2.411 4.618 52.46 100.8 -9.830

1.206 4.919 57.04 104.1 -13.896
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Table B 157

Adhesion Tension of C^EJMG - C^SOaNa Mixtires

at Parafilm/Aqueous Interface, I.S.  = 0.1 N (NaBr)

o = 0.02035

c

x mol/dm3

-log C lv
mN/m

e

deg .

y, 'C ose lv
mN/m

10.22 2.991 29.96 64.4 12.945

5.110 3.292 35.23 78.0 7.325

2.555 3.593 42.52 89.9 0.074

1.277 3.894 49.18 97.1 -6.079

0.6387 4.195 55.35 102.7 -12.168

0.3193 4.496 60.50 105.5 -16.168
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Table B 158

Adhesion Tension o£ C^BMG - C^SOaNa Mixtires

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.08488

c

x  mol/dm3

-log C lv
mN/m

6

deg .

y, -Cose lv
mN/m

9.956 3.002 29.21 53.8 17.252

4.978 3.303 30.87 62.6 14.206

2.489 3.604 37.83 79.1 7.153

1.245 3.905 44.48 90.0 0.000

0.6222 4.206 50.94 97.2 -6.384

0.3111 4.507 56/73 103.2 -12.954
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Table B 159

Adhesion Tension of C^BMG - C^SOaNa Mixtires

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.3550

c

x mol/dm3

-log C lv
mN/m

e

deg .

y, »cos0 lv
mN/m

7.777 3.109 29.22 53.2 17.503

3.794 3.421 29.16 52.8 17.630

1.897 3.722 34.31 72.2 10.488

0.9484 4.023 41.17 84.7 3.803

0.4742 4.324 47.26 92.3 -1.897

0.2371 4.625 52.84 97.4 -6.804
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Table B 160

Adhesion Tension of C^BMG - C^SOaNa Mixtires

at Parafilm/aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.6926

c

x  mol/dm3

-log C lv
mN/m

0

deg .

Y, •CosB lv
mN/m

32.64 3.486 29.96 53.1 17.989

16.32 3.787 34.51 70.3 11.633

8.160 4.088 40.82 84.0 4.267

4.080 4.389 46.77 91.5 -1.224

2.040 4.690 52.48 96.7 -6.123

1.020 4.991 57.36 100.4 -10.355
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Table B 161

Adhesion Tension of C^BMG - C^SOaNa Mixtires

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.9186

c

x mol/dm3

-log C lv
mN/m

e

deg.

y, *Cos0 lv
mN/m

61.63 3.210 30.73 54.8 17.714

30.81 3.511 30.58 54.9 17.584

15.41 3.812 36.56 74.5 9.770

7.704 4.113 42.50 85.6 3.261

3.852 4.414 48.00 93.0 -2.512

1.926 4.715 52.93 97.4 -6.817
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Table B 162

Adhesion Tension of C^BMG

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 1.000

c

x mol/dm3

-log C lv
mN/m

e

deg .

y, *Cos0 lv
mN/m

60.28 3.220 32.40 61.9 15.261

30.14 3.521 34.60 69.4 12.174

18.04 3.744 38.32 78.2 7.836

9.645 4.016 42.84 85.7 3.212

4.823 4.317 47.70 92.4 -1.997

2.411 4.618 52.46 97.0 -6.393

1.206 4.919 57.04 100.2 -10.101
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Table 163

Adhesion Tension of C^SOgNa

at Polyethylene/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.0000

c

x  mol/dm3

-log C lv
mN/m

e

deg.

Ylv *Cos0

mN/m

20.07 2.697 37.02 54.1 21.708

13.86 2.858 40.86 57.7 21.834

10.03 2.999 44.14 64.5 19.003

6.929 3.159 47.70 70.4 16.001

5.017 3.300 50.72 74.4 13.640

3.464 3.460 53.92 78.1 11.119

2.508 3.601 56.72 81.5 8.384

1.732 3.761 59.30 84.1 6.096

1.254 3.902 61.50 86.2 4.076
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Table B 164

Adhesion Tension of C^BMG - C^SC^Na Mixtires

at Polyethylene/Aqueous Interface, I.S. = 0.1 N (NaBr)

a -  0.02035

c

x mol/dm3

-log C lv
mN/m

e

deg.

Y, *Cos0 lv
mN/m

10.22 2.991 29.96 37.5 23.769

5.110 3.292 35.23 54.7 20.358

2.555 3.593 42.52 70.3 14.333

1.277 3.894 49.18 80.2 8.371

0.6387 4.195 55.35 86.5 3.379

0.3193 4.496 60.50 90.2 -0.211
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Table B 165

Adhesion Tension of C^BMG - C^SOaNa Mixtires

at Polyethylene/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.08488

c

x mol/dm3

-log C lv
mN/m

0

deg.

y, •Cos0 lv
mN/m

9.956 3.002 29.21 35.5 23.780

4.978 3.303 30.87 40.1 23.613

2.489 3.604 37.83 61.2 18.225

1.245 3.905 44.48 73.2 12.856

0.6222 4.206 50.94 79.9 8.933

0.3111 4.507 56.73 86.1 3.859
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Table B 166

Adhesion Tension of C^BMG - C^SOaNa Mix tires

at Polyethylene/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.3550

c

x mol/dm3

-log C lv
mN/m

e

deg .

2f. •Cos0 lv
mN/m

7.777 3.109 29.22 26.0 26.263

3.794 3.421 29.16 26.5 26.096

1.897 3.722 34.31 52.0 21.123

0.9484 4.023 41.17 67.4 15.821

0.4742 4.324 47.26 76.4 11.113

0.2371 4.625 52.84 82.1 7.263
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Table B 167

Adhesion Tension of C^BMG - C^gSOaNa Mixtires

at Polyethylene/aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.6926

c

x mol/dm3

-log C lv
mN/m

6

deg.

y. #Cos9 lv
mN/m

32.64 3.486 29.96 27.1 26.671

16.32 3.787 34.51 50.0 22.183

8.160 4.088 40.82 65.4 16.993

4.080 4.389 46.77 73.9 12.970

2.040 4.690 52.48 80.2 8.933

1.020 4.991 57.36 84.6 5.398
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Table B 168

Adhesion Tension of C^BMG - C^SC^Na Mixtires

at Polyethylene/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.9186

c

x mol/dm3

-log C lv
mN/m

6

deg .

y, #Cos0 lv
mN/m

61.63 3.210 30.73 26.7 27.453

30.81 3.511 30.58 26.0 27.485

15.41 3.812 36.56 54.4 21.282

7.704 4.113 42.50 67.9 15.990

3.852 4.414 48.00 75.5 12.018

1.926 4.715 52.93 81.4 7.915
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Table B 169

Adhesion Tension of C^EJMG

at Polyethylene/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 1.000

c  -log c  *lv e ylv *Cos8

105x mol/dm3 mN/m deg . mN/m

60.28 3.220 32.40 30.1 28.031

30.14 3.521 34.60 41.8 25.793

18.04 3.744 38.32 55.5 21.705

9.645 4.016 42.84 66.8 16.876

4.823 4.317 47.70 74.8 12.506

2.411 4.618 52.46 81.2 8.026

1.206 4.919 57.04 84.5 5.467
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Table

105

B 170

Adhesion Tension of C^TMABr - C^SC^Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.500

c

x mol/dm3

-log C r lv
mN/m

6

deg .

t j v »Cos0

mN/m

26.11 3.583 36.50 91.4 -0.892

17.03 3.769 42.01 97.1 -5.192

13.06 3.884 45.58 100.4 -8.228

8.514 4.070 50.67 104.2 -12.430

6.528 4.185 54.24 105.8 -14.768

4.257 •4.371 59.30 108.4 -18.718

3.264 4.486 62.32 109.4 -20.700

2.129 4.672 66.16 110.8 -23.490
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Table

103

B 171

Adhesion Tension of C^TMABr

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 1.00

c

x mol/dm3

-log C lv
raN/m

6

deg.

Y, -Cose lv
mN/m

9.451 2.025 36.58 80.4 6.100

4.726 2.326 36.57 80.5 6.036

2.859 2.544 40.01 85.6 3.070

1.418 2.848 45.84 92.1 -1.680

0.8270 3.082 50.20 96.6 -5.770

0.4726 3.326 54.71 100.3 -9.782
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Table

10s

B 172

Adhesion Tension of C^TMABr - C^SOgNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.500

c

x mol/dm3

-log C lv
mN/m

0

deg .

y, *cos0 lv
mN/m

26.11 3.583 36.50 81.8 5.206

17.03 3.769 42.01 89.9 0.073

13.06 3.884 45.58 93.8 -3.021

8.514 4.070 50.67 98.9 -7.839

6.528 4.185 54.24 101.2 -10.535

4.257 4.371 59.30 104.7 -15.048

3.264 4.486 62.32 106.6 -17.804

2.129 4.672 66.16 109.2 -21.758
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Table B 173

Adhesion Tension of C^TMABr

a t Parafilm /A queous In te rface , I .S .  = 0 .1  N (NaBr)

o = 1.00

c

x mol/dm3

“log C lv
mN/m

6

deg .

y. »Cos0 lv
mN/m

9.451 2.025 36.58 72.9 10.756

4.726 2.326 36.57 73.0 10.692

2.859 2.544 40.01 79.8 7.085

1.418 2.848 45.84 87.8 1.760

0.8270 3.082 50.20 92.9 -2.540

0.4726 3.326 54.71 97.0 -6.667
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Table

102

B 174

Adhesion Tension of C^QS03Na in Water

a t Teflon/A queous In terface ,

o = 0.00

c

k mol/dm3

-log C lv
mN/m

0

deg.

y, #Cos6 lv
mN/m

3.902 1.409 42.70 87.7 1.714

2.939 1.532 47.64 91.3 -1.081

1.987 1.702 53.80 96.1 -5.717

1.781 1.749 55.32 97.3 -7.089

1.264 1.898 59.52 100.2 -10.540

0.9993 . 2.000 62.00 102.1 -12.996
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Table

10 s

B 175

Adhesion Tension of C^TMABr - C^gSOgNa Mixtures

in Water at Teflon/Aqueous Interface,

a = 0.500

c

k mol/dm3

-log C lv
mN/m

e

deg.

Yjv *Cos0

mN/m

8.409 4.075 40.00 99.9 -6.877

7.834 4.106 41.20 102.9 -9.198

6.817 4.166 43.50 105.5 -11.625

5.886 4.230 45.92 105.9 -12.580

5.459 4.264 47.17 106.9 -13.712

3.784 4.422 52.70 108.2 -16.460

2.523 4.598 58.30 108.8 -18.788

1.682 4.774 63.00 109.5 -21.030
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Table

103

B 176

Adhesion Tension of C^TMABr

in Water at Teflon/Aqueous Interface,

o = 1.00

c

x mol/dm3

-log C lv
mN/m

0

deg .

2f, 'C ose lv
mN/m

96.04 1.018 39.00 81.5 5.765

17.72 1.752 39.00 81.3 5.899

15.85 1.800 39.00 81.4 5.832

14.08 1.851 39.52 81.2 6.046

11.16 1.952 43.62 87.0 2.283

7.973 2.098 48.94 91.1 -0.940

5.493 2.260 54.00 96.0 -5.645

3.030 2.519 60.35 100.3 -10.791

1.065 2.973 67.76 107.9 -20.826
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Table B 177

Adhesion Tension of C^SOaNa

in Water at Polyethylene/Aqueous Interface,

o = 0 .0 0

c

x mol/dm3

-log C

%

lv
mN/m

e

deg .

Y, *Cos8 lv
mN/m

3.902 1.409 42.70 61.4 20.440

2.939 1.532 47.64 67.6 18.154

1.987 1.702 53.80 74.0 14.829

1.781 1.749 55.32 76.2 13.196

1.264 1.898 59.52 79.9 10.438

0.9993 2.000 62.00 81.7 8.950

0.7810 2.107 64.22 84.4 6.267
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Table

105

B 178

Adhesion Tension of C^TMABr -- C^SOaNa Mixtures

in Water at Polyethylene/Aqueous Interface,

o = 0.500

c

mol/dm3

-log C lv
mN/m

e

deg .

2f, *Cos0 lv
mN/m

1.409 4.075 40.00 76.1 9.609

1.817 4.166 43.50 79.5 7.927

.886 4.230 45.92 80.6 7.500

.784 4.422 52.70 85.8 3.860

.523 4.598 58.30 89.4 0.611

.682 4.774 63.00 92.1 -2.309
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Table B 179

Adhesion Tension of C^TMABr

in Water at Polyethylene/Aqueous Interface,

o = 1.00

c

x  mol/dm3

-log C lv
mN/m

e

deg .

Ylv *Cos0

mN/m

17.72 1.752 39.00 60.8 19.027

11.16 1.952 43.62 64.9 18.504

0.7973 2.098 48.94 71.3 15.691

0.5493 2.260 54.00 76.5 12.606

0.3030 2.519 60.35 83.1 7.250

0.1065 2.973 67.76 91.4 -1.656
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Table

106

B 180

Adhesion Tension of C^TMABr - C^SO^Na Mixtures

in Water at Teflon/Aqueous Interface,

a = 0.500

c

k mol/dm3

-log C lv
mN/m

e

deg .

Y. #Cos0 lv
mN/m

50.11 4.300 29.96 88.7 0.680

26.06 4.584 34.24 100.5 ' -6.240

15.03 4.823 43.20 105.6 -11.617

8.018 5.096 52.24 108.3 -16.403

4.009 5.397 61.12 109.5 -20.402

2.005 5.698 69.40 109.89 -23.508
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Table B 181

Adhesion Tension of C^TMABr - C^SO^Na Mixtures

in Water at Teflon/Aqueous Interface,

a = 0.667

C -log C Yjv  0 *lv *Cos0

10Gx mol/dm3 mN/m deg . mN/m

63.15 4.200 29.96 89.8 0.105

31.58 4.501 31.60 103.1 -7.162

17.68 4.753 40.56 108.6 -12.937

9.473 5.024 50.25 110.6 -17.680

5.025 5.297 58.41 111.0 -20.932

2.526 5.598 67.04 111.3 -24.352
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Table B 182

Adhesion Tension of C^SO^Na

in Water at Teflon/Aqueous Interface,

a = 1.00

C -log C 2flv 8 Jflv *Cos0

103x mol/dm3 mN/m deg . mN/m

21.83 1.661 40.00 83.4 4.597

10.91 1.962 40.00 83.5 4.528

7.894 2.103 40.60 84.8 3.680

4.500 2.347 50.60 93.1 -2.736

2.526 2.598 59.40 97.8 -8.062

1.184 2.927 67.42 103.3 -15.510
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Table

10*

B 183

Adhesion Tension of C^TMABr - C^SO^Na Mixtures

in Water at Polyetylene/Aqueous Interface,

o = 0.500

c

x mol/dm3

%

-log C lv
mN/m

e

deg .

IT, #Cos8 lv
mN/m

50.11 4.300 29.96 65.5 12.424

26.06 4.584 34.24 79.2 6.416

15.03 4.823 43.20 85.0 3.765

8.018 5.096 52.24 89.3 0.638

4.009 5.397 61.12 87.8 2.346

2.005 5.698 69.40 86.7 3.995
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Table B 184

Adhesion Tension of C^TMABr - C^SO^Na Mixtures

in Water at Polyethylene/Aqueous Interface,

o = 0.667

C -log C 8 Ylv *Cos8

106x mol/dm3 mN/m deg . mN/m

63.15 4.200 29.96 70.8 9.853

31.58 4.501 31.60 80.3 5.324

17.68 4.753 40.56 88.1 1.345

9.473 5.024 50.25 92.3 -2.017

5.025 5.297 58.41 90.8 -0.816

2.526 5.598 67.04 89.3 0.819

o
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Table B 185

Adhesion Tension of C^SO^Na

in Water at Polyethylene/Aqueous Interface,

o = 1.00

c

x mol/dm3

-log C 2f,lv
mN/m

e

deg.

Z. *Cos8 lv
mN/m

78.94 1.103 40.00 62.6 18.408

21.83 1.661 40.00 63.4 17.910

10.91 1.962 40.00 62.5 18.470

7.894 2.103 40.60 64.2 17.670

4.500 2.347 50.60 76.0 12.241

2.526 2.598 59.40 83.3 6.930

1.184 2.927 67.40 90.0 0.000
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Table B 186

Adhesion Tension of C^NBr Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 1.000

c

x mol/dm3

-log C lv
mN/m

e

deg .

y. *Cos0 lv
mN/m

34.80 1.459 40.36 83.5 4.569

24.94 1.605 40.37 ' 83.6 4.500

21.02 1.677 41.76 85.2 3.494

17.40 1.760 43.83 86.9 2.370

10.51 1.978 46.79 90.7 -0.572

8.699 2.061 48.67 91.8 -1.529

5.256 2.279 52.25 95.3 -4.826

4.350 2.362 53.78 97.1 -6.647

2.628 2.580 56.90 98.1 -8.017

2.175 2.663 58.18 99.8 -9.903

1.314 2.881 61.10 102.1 -12.808

1.087 2.964 62.16 103.0 -13.983

0.6570 3.182 64.70 104.5 -16.200

0.5437 3.265 65.63 105.2 -17.207
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Table B 187

Adhesion Tension of CgNBr — C^SOaNa Mixtures

at Teflon/Aqueous Interface, I.S. s 0.1 N (NaBr)

o = 0.500

c

x mol/dm3

-log C lv
mN/m

6

deg.

y, *Cos0 lv.
mN/m

2.129 2.672 42.57 90.3 -0.223

1.420 2.848 46.94 95.1 -4.173

1.065 2.973 50.24 97.8 -6.818

0.7102 3.149 54.17 101.3 -10.614

0.5323 3.274 56.82 103.6 -13.361

0.3551 3.450 60.49 106.2 -16.876
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Table B 188

Adhesion Tension of C^NBr — C^gS03Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.500

c

x  mol/dm3

-log C lv
mN/m

0

deg.

Yjv *Cos0

mN/m

14.96 2.825 29.95 70.5 9.998

13.03 2.885 31.90 75.9 7.771

12.47 2.904 32.47 77.5 7.028

9.423 3.026 35.90 83.4 4.126

8.982 3.047 37.00 85.0 3.225

6.515 3.186 41.02 90.0 0.000

6.233 3.205 41.59 91.5 -1.089

4.712 3.327 44.95 95.4 -4.230

4.491 3.348 45.63 96.6 -5.245

3.258 3.487 49.14 100.0 -8.533

3.117 3.506 49.72 100.5 -9.061

2.356 3.628 52.45 102.9 -11.709

2.245 3.649 53.00 103.3 -12.193

1.629 3.788 56.72 104.9 -14.585

1.178 3.929 59.86 105.9 -16.399

1.123 3.950 60.41 106.1 -16.753
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Table B 189

Adhesion Tension of C^NBr - C ^ S03Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.500

c

x mol/dm3

-log C lv
mN/m

8

deg.

y. *Cos8 lv
mN/m

7.194 3.143 24.93 58.3 13.100

4.996 3.301 25.81 62.0 12.171

3.597 3.444 30.24 74.3 8.183

2.498 3.602 35.20 83.2 4.168

1.799 3.745 39.54 89.8 0.138

1.249 3.903 44.00 94.5 -3.452

0.8993 4.046 47.52 97.9 -6.531

0.6245 4.205 51.67 101.8 -10.566

0.4497 4.347 55.17 104.0 -13.347

0.3123 4.506 59.12 106.9 -17.186
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Table B 190

Adhesion Tension of C^NBr -- C^SOaNa Mixtures

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.500

c

x  mol/dm3

-log C lv
mN/m

8

deg.

Y, •CosB lv
mN/m

4.584 4.339 41.83 97.3 -5.315

4.211 4.376 42.02 97.3 -5.339

3.444 4.463 43.20 98.6 -6.460

3.159 4.501 44.37 99.3 -7.170

2.290 4.640 48.59 102.9 -10.848

2.106 4.677 49.59 103.8 -11.829

1.722 4.764 51.83 106.0 -14.286

1.579 4.802 53.10 106.6 -15.170

1.146 4.941 57.51 108.5 -18.248

1.053 4.978 58.32 109.2 -19.180

0.8609 5.065 60.07 110.7 -21.233

0.7897 5.103 61.09 111.1 -21.992
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Table B 191

Adhesion Tension of C^NBr

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 1.000

c

x mol/dm3

-log C lv
mN/m

8

deg .

y, *Cos8 lv
mN/m

34.80 1.459 40.36 80.5 6.661

29.83 1.525 40.36 80.7 6.522

24.94 1.605 40.37 80.9 6.385

21.02 1.677 41.76 82.6 5.379

17.40 1.760 43.83 84.8 3.972

10.51 1.978 46.79 88.5 1.225

8.699 2.061 48.67 90.3 -0.255

5.256 2.279 52.25 93.2 -2.917

4.350 2.362 53.78 95.3 -4.968

2.628 2.580 56.90 97.3 -7.230

2.175 2.663 58.18 98.8 -8.901

1.314 2.881 61.10 101.1 -11.763

1.087 2.964 62.16 101.4 -12.286

0.6570 3.182 64.70 104.0 -15.652

0.5437 3.265 65.63 104.8 -16.765
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Table B 192

Adhesion Tension of CgNBr — C^SC^Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

a = 0.500

c

x mol/dm3

-log C lv
mN/m

e

deg.

rl v *C ose

mN/m

2.129 2.672 42.57 85.5 3.340

1.420 2.848 46.94 90.7 -0.574

1.065 2.973 50.24 94.6 -4.029

0.7102 3.149 54.17 98.8 -8.287

0.5323 3.274 56.82 101.5 -11.328

0.3551 3.450 60.49 104.4 -15.043



378

Table B 193

Adhesion Tension of C^NBr - C^SOaNa Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.500

c

x mol/dm3

-log C lv
mN/m

6

deg.

y. *cos9 lv
mN/m

14.96 2.825 29.95 60.8 14.611

13.03 2.885 31.90 66.2 12.873

12.47 2.904 32.47 68.3 12.006

9.423 3.026 35.90 75.2 9.171

8.982 3.047 37.00 77.7 7.882

6.515 3.186 41.02 84.0 4.288

6.233 3.205 41.59 84.8 3.769

4.712 3.327 44.95 89.5 0.392

4.491 3.348 45.63 90.3 -0.239

3.258 3.487 49.14 94.9 -4.197

3.117 3.506 49.72 95.1 -4.420

2.356 3.628 52.45 97.7 -7.028

2.245 3.649 53.00 98.2 -7.559

1.629 3.788 56.72 100.9 -10.725

1.178 3.929 59.86 103.6 -14.076

1.123 3.950 60.41 104.3 -14.921
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Table B 194,

Adhesion Tension of C^NBr -- C^SC^Na Mixtures

at Parafilm/Aqueous Interface, I.S. = 0.1 N (NaBr)

o = 0.500

c

x  mol/dm3

-log C lv
mN/m

e

deg.

y. *Cos8 lv
mN/m

7.194 3.143 24.93 39.4 19.264

4.996 3.301 25.81 44.4 18.441

3.597 3.444 30.24 62.6 13.916

2.498 3.602 35.20 74.9 9.170

1.799 3.745 39.54 83.3 4.613

1.249 3.903 44.00 88.9 0.845

0.8993 4.046 47.52 93.4 -2.818

0.6245 4.205 51.67 98.0 -7.191

0.4497 4.347 55.17 101.7 -11.188

0.3123 4.506 59.12 104.5 -14.803
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Table

105

B 195

Adhesion Tension 

a t Parafilm /Aqueous

of C12NBr - 

In te rface , 

a = 0.500

C j2S 0 3Na 

I .S . = 0.1

M ixtures 

N (NaBr)

C

x mol/dm3

-log C lv
mN/m

e

deg.

•Cos8lv
mN/m

4.584 4.339 41.83 90.6 -0.438

4.211 4.376 42.02 90.7 -0.513

3.444 4.463 43.20 93.0 -2.261

3.159 4.501 44.37 95.1 -3.944

2.290 4.640 48.59 99.7 -8.187

2.106 4.677 49.59 100.8 -9.292

1.722 4.764 51.83 102.7 -11.395

1.579 4.802 53.10 104.1 -12.936

1.146 4.941 57.51 107.4 -17.198

1.053 4.978 58.32 108.0 -18.022

0.8609 5.065 60.07 109.5 -20.052

0.7897 5.103 61.09 110.3 -21.194
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Table

103

B 196

Adhesion Tension of C12(EO)g - C12SOi,Na Mixtures

in Water at Teflon/Aqueous Interface,

o = 4.87xl0"3

c

mol/dm3

-log C lv
mN/m

e

deg .

Y, #Cos0 lv
mN/m

.371 2.625 39.46 86.7 2.270

.280 2.893 44.74 95.1 -3.977

1.6639 3.178 50.40 101.8 -10.307

.3557 3.449 55.90 107.2 -16.530
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Table B 197

Adhesion Tension of C.j^(EO)g

in Water at Teflon/Aqueous Interface,

o = 1.00

' c

x mol/dm3

-log C lv
mN/m

6

deg .

Y, •Cos0 lv
mN/m

6.486 4.188 37.78 81.6 5.519

3.243 4.489 42.12 88.2 1.323

1.622 4.790 46.42 93.9 -3.157

0.7783 5.109 50.78 98.3 -7.330

0.6486 5.188 51.80 99.3 -8.371
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Table B 198

Adhesion Tension of C^SO^Na

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaCl)

o = 0.00

C -log C *lv 0 Ylv *Cos0

lO^x mol/dm3 mN/m deg. mN/m

12.40 2.907 45.00 88.5 1.178

'8.064 3.094 48.76 93.4 -2.892

4.962 3.304 52.97 98.1 -7.464

3.101 3.508 57.00 101.6 -11.461
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Table B 199

Adhesion Tension of C^CEOJg - c^S O ^N a M ixtures 

a t Teflon/A queous In terface , I .S . = 0 .1  N (NaCl)

a = 5.35xl0~2

C -log C . ylv 0 Ylv *Cos9

105x  mol/dm3 mN/m deg. mN/m

34.07 3.468 34.74 81.9 4.895

17.04 3.769 40.22 91.1 -0.772

8.518 4.070 45.62 97.3 -5.797

4.088 4.388 51.38 103.0 -11.558
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Table5 B 200

Adhesion Tension of C^CEOJg

at Teflon/Aqueous Interface, I.S. = 0.1 N (NaCl)

a = 1.00

c

x  mol/dm3

-log C lv
mN/m

6

deg .

Ylv *Cos0

mN/m

5.837 4.234 37.52 82.1 5.157

2.919 4.535 41.83 88.7 0.949

1.492 4.826 45.97 94.2 -3.367

0.7783 5.109 50.02 98.5 -7.393

0.3892 5.410 54.22 102.3 -11.551
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Table B 201

Adhesion Tension of C^SO^Na

at Teflon/Aqueous Interface, I.S. = 0.5 N (NaCl)

a = 0.00

c

x mol/dm3

-log C lv
mN/m

e

deg .

y, *Cos0 lv
mN/m

2.854 3.545 35.08 88.5 0.918

1.998 3.699 39.22 94.8 -3.282

1.199 3.921 45.30 100.8 -8.488

0.7420 4.130 50.86 105.5 -13.5-92
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Table

105

B 202

Adhesion Tension of C ^ E O ^  - -  C^SO ^N a M ixtures 

a t Teflon/A queous In te rface , I .S . = 0 .5  N (NaCl)

a = 9.02xl0~2

c

mol/dm3

-log C lv
mN/m

6

deg.

2f, #Cos0 lv
mN/m

.408 4.193 38.48 90.1 -0.067

.485 4.348 41.62 95.4 -3.917

.691 4.570 46.18 102.1 -9.680

.666 4.778 50.45 107.2 -14.918
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Table

105

B 203

Adhesion Tension of C^EOJg

a t Teflon/A queous In terface , I .S . = 0 .5  N (NaCl)

a = 1.00

c

mol/dm3

-log C lv
mN/m

6

deg.

y. *Cos0 lv
mN/m

.919 4.535 38.62 87.7 1.550

.459 4.836 43.30 94.2 -3.171

1.7460 5.127 47.72 100.6 -8.778

.3892 5.410 52.24 103.3 -12.018
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Table

103

B 204

Adhesion Tension of C^CEOJg - Cj^SOaNa Mixtures

in Water at Teflon/Aqueous Interface,

o = 4 .15xl0~3

c

mol/dm3

-log C lv
mN/m

6

deg .

2f̂ v *Cos0

mN/m

.563 2.448 40.65 85.9 2.906

.494 2.603 43.50 90.6 -0.456

.354 2.868 48.28 96.9 -5.800

.7839 3.106 52.55 102.4 -11.284
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Table B 205

Adhesion Tension of C ^SO aN a 

a t Teflon/A queous In terface , I .S . = 0 .1  N (NaCl)

a = 0 . 0 0

C -log C • Ylv 0 Ylv *Cos0

lO^x mol/dm3 mN/m deg. mN/m

22.90 2.640 36.22 84.7 3.346

13.74 2.862 41.18 91.5 -1.078

7.328 3.135 47.20 97.0 -5.752

3.893 3.410 53.53 101.7 -10.855



Table

10“

391

B 206

Adhesion Tension of C ^ E O J g  - C ^SO gN a M ixtures 

a t Teflon/A queous In terface , I .S . = 0 .1  N (NaCl)

o = 3 .23x l0"2

c

mol/dm3

-log C , lv 
mN/m

6

deg .

y, *Cos0 lv
mN/m

.427 3.192 35.90 80.2 6.111

.214 3.493 41.18 89.1 0.647

.607 3.794 46.82 96.2 -5.057

.7713 4.113 52.80 102.0 -10.978
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Table

10*

B 207

Adhesion Tension of C ^SO aN a 

a t T eflon/A queous In te rface , I .S .  = 0 .5  N (NaCl)

o = 0 .0 0

c

mol/dm3

-log C lv
mN/m

e

deg.

Y. *Cos0 lv
mN/m

.958 3.403 38.32 92.7 -1.805

.771 3.557 41.56 96.9 -4.993

.583 3.801 47.08 102.0 -9.788

.8708 4.060 52.90 105.9 .-14.492
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Table B 208

Adhesion Tension of C^CEOJg - C^SC^Na Mixtures

at Teflon/Aqueous Interface, I.S. = 0.5 N (NaCl)

a = 5.26xl0”2

c  -log c  r lv  8 Ylv *Cos0

105x mol/dm3 mN/m deg . mN/m

16.65 3.779 37.10 88.4 1.036

11.66 3.933 40.18 93.7 -2.593

6.993 4.155 44.64 99.0 -6.983

3.996 4.398 49.52 104.4 -12.320

v
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