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Abstract

FUNDAMENTAL THERMODYNAMIC AND SURFACE PROPERTIES OF 

HIGHLY PURIFIED MODEL SURFACTANTS

by

Manilal Dahanayake 

A dvisor: P rofessor Milton J . R osen

T he in terre la tio n sh ip s betw een  su rfactan t chemical s tr u c tu r e ,  

mechanism of ad sorp tion , and p ro p erties  of im portance in  p ractica l 

application for w ell p u r ified , w ell characterized  su rfactan ts of all ch a rg e  

ty p es are e lu c id a ted . P roperties m easured are critica l m icelle  

concentration  (cm c), maximum su rface e x c e s s  concentration  and minimum 

area p er m olecule at aqueous so lu tion /a ir  in ter fa ce , e ffic ien cy  and  

e ffec tiv en ess  of su rface  ten sion  reduction , standard  therm odynam ic 

param eters of m icellization and of adsorption , e ffe c t iv e n e ss  in  foam ing  

and tex tile  w ettin g  time.

A nionic su rfa cta n ts  of hom ogenous s tru c tu re , C .9H0[.(O C „H .) OH,
1 Z  ZD Z 4  X

w here x  = 2 -8 , w ere in v estig a ted . The standard  free e n erg y  o f



m icellization was found  to in crease with in crease  in the len g th  of the  

oxyeth y len e  chain. On th e  other hand, the e ffec t of th is  change on 

the standard free e n e r g y  of adsorption  was found to be almost 

in s ig n if ic a n t.

Of the two cationic su r fa c ta n ts , N -dodecylpyriu in ium  bromide was 

found to be somewhat more su rface  activ e  than the correspon d in g  

chloride in all p rop erties  in v estig a ted . The d ifferen ce appears to  be 

due to the greater d eg ree  o f hydration  of th e  chloride ion compared to 

the brom ide. M icellization appears to in vo lve  more dehydration  of the  

counterion than adsorption  a t the aqueous so lu tion -a ir  in terfa ce .

Zw itterionic su rfactan ts  o f s tru c tu re , R

N(CH„C„H,.) (CH„)CH0COO , w here R is an a lky l chain of 10 or 122 fa b 3 2
carbon atom s, and RN(CH2CgH5) (CH3 )CH2CH2SC>3 w here R is  8 , 10

and 12 carbon atom s, w ere sy n th e s iz e d . The surface areas per  

molecule for the g ly c in es  are comparable to  th ose  of the corresp on d in g  

N -a lk y l,N ,N -d im eth y lg ly c in es  and 2-(trim ethylam m onium )alkanoates. On 

the other hand, the cmc fo r  the g ly c in es  are found to be con sid erab ly  

smaller than for th e  corresp on d in g  N -a lk y l,N ,N -d im eth y lg ly c in es  and  

2- (trim ethylam m onium )alkanoates.

Two ser ie s  of anionic su rfa cta n ts  of ty p e  (OC^H^.OSOgNa,

w here i = 1 and 2, and C H„ , (OCnH .).SO „N a, w here i = 0 or 1, andn 2 n + lv 2 4 i 3



n = 10 and 12 w ere in v estig a ted . In con trast to the po lyeth en oxy la ted  

non ion ics, in crea ses  in the n egative  standard free  en erg ies  of 

m icellization and adsorption  w ere ob served  w ith in troduction  of 

oxyeth y len e  u n its  in to  both th ese  ty p e s  of com pounds. The  

com plexation of the counterion  w ith the o x y eth y len e  groups of th ese  

polyeth en oxy la ted  anionic su rfactan ts is  su g g e ste d  as an exp lanation  for  

th ese  r e su lts .
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Chapter I 

Introduction.

1.1 Surface - active agents

S u rfa ce-a ctiv e  a g en ts , now commonly called su rfa c ta n ts , are among 

the m ost versa tile  of the products of th e  chem ical in d u str y . T h is is  

shown b y  th eir  application as d e terg en ts  in laundary clean ing  

com pounds , d isp ers in g  agen ts  in pharm aceutical preparation , flotation  

a g en ts  in  the concentration  of o res , em u lsify ing  agen ts in food  

p ro d u cts, in sec tic id es , p o lish es, and metal cu ttin g  o ils , w ettin g  a gen ts  

in te x t ile  scou rin g  and d y e in g , and b onding  a g en ts  in asphaltic  

ap p lication s. Soaps of long chain fa tty  acid  sa lts  have been  known for 

th eir  c lean in g  p rop erties  since the Roman em pire. The advent of World 

War I and the scarcity  of natural fa ts and o ils  in Germany led  to the  

developm ent of sy n th etic  su rfa ce-a ctiv e  a g e n ts , (1 ) .

R ealization of the techn ical and commercial p oten tia lities of 

su r fa ce -a c tiv e  agen ts  during the interw ar y ea rs  produced  in ten se

- 1 -



a ctiv ity  and in te r e s t  in su r fa c e -a c tiv e  a g en ts  in Germany and in other  

c o u n tr ie s . T h e years of th e  second  World War and the years that 

followed saw enorm ous a d van ces in in d u stria l and household  d eterg en t  

m arkets, m ainly due to th e  im provem ents in chem ical tech n ology  rather  

than to new  d isco v er ie s  in  chem ical sy n th e s is . S yn th etic  su r fa ce -a c tiv e  

a g en ts  d u rin g  th e  post w ar y ea rs  have con tin u ed  to develop  at th e  

ex p en se  of th e  soap -b a sed  p rod u cts  which are known to be in ferior in  

th e ir  r e s is ta n t to  hard w ater contain ing calcium and magnesium ion s.

P r e se n tly , the consum ption of sy n th e tic  d eterg en ts  is  

estim ated to  e x c e e d  seven  billion  pounds and b y  1991 is  ex p ected  to  

grow  to 8 .3  b illion  pounds (2 ) .  It is  not on ly  in th e tonnage on a value  

b a sis  th a t p r o g r e ss  has been  notable over  the la s t  few y e a r s , but 

esp ec ia lly  in th e  developm ent of new app lications for su rfa ce-a ctiv e  

a g en ts  and in  commercial production of new  p rod u cts. More

rec en tly , th ere  h as been in ten se  in tere st in  the u se  of su rfactan ts in  

m icellar polym er flooding fo r  enhanced  oil r e c o v e r y .

In sp ite  of th is w ealth  o f exp erien ce in th e area of surfactan t  

ch em istry , th ere  h ave  b een  re la tiv e ly  few s tu d ies  of s tru c tu re /p ro p er ty  

re la tio n sh ip s, m echanism s of adsorption , and perform ance p rop erties  of 

w ell-d e fin ed  su rfa c ta n t m odel com pounds. Lack of physicochem ical data  

on w ell-ch a ra cter ized  model com pounds has ham pered a rational approach



to the practica l application of su rfactan ts  and to th e developm ent of 

im proved p rod u cts for in d u str ia l and biochem ical ap p lication s. The 

objective of th is  in v estig a tio n  is to rem edy th at situation  b y  p rovid ing  

physicochem ical and perform ance data on w ell-p u rified  , w ell- 

ch aracterized  su rfactan ts  of all charge ty p es: an ion ic, ca tio n ic ,,

non ion ic, and zw itter io n ic .

1.2 Adsorption at interfaces 

(3,4.)

In g en era l, the u tility  of su r fa ce -a c tiv e  a g en ts  in th e ir  a p p lica tio n s  

is  due to two ch aracter istic  fundam ental p rop erties: 1) th eir

spontaneous adsorption  at in terfaces  and 2) th eir  a g g rega tion  in 

so lu tion  to form m icelles.

Surface activ e  a g en ts  (su r fa c ta n ts) have the p rop erty  of 

ad sorb in g  onto the su rfa ces  or in terfa ces  of the system  and o f a lterin g  

the free  en erg ie s  o f th ese  su rfa ces  and in ter fa c es . T he term  in terface  

in d icates a boundary betw een  any two immiscible p h a se s . A general 

p rereq u isite  for the stab le e x iste n c e  of an in terface  betw een  two p h ases  

is  that th e free  en erg y  of form ation of th e  in terface  be p o s it iv e .



g
In term s of potentia l function  the total surface en erg y  E , of 

a system  w here n  ̂ and n^ are th e num ber of n earest n eigh b ou rs in the  

in terior of the liquid  and th e su rface reg io n , re sp ec tiv e ly  could be 

e x p ressed  by the follow ing form ula,

ES = (N e /2 )  (n .-n  ) o 1 s

Where e  is the in teraction  e n erg y  and Nq is  A vogadro's num ber. Since 

the surface m olecules have few er n ea rest n eigh b ou rs than the m olecules 

in  bulk  p h ase , n g < th erefore  th e potentia l en erg y  of a su rface

m olecule is  h igh er  than that of a bulk  m olecule.

In gen era l, n g = (0 .6  0.8)n^  w hich means that ES is 20-40%

greater  than E .. T h erefore a know ledge of th e  poten tia l fu n ction  for 

th e in teraction  betw een  m olecules allows th e calculation o f th e  total 

su rface e n e r g y , and th is  as a fu n ction  of tem perature w ill g ive  u s  the  

su rface free  e n e r g y , w hich is  the minimum amount of e n e r g y  to create  

that su rface or in ter fa ce .

Surface or in terfac ia l ten sion  is  the minimum amount of work  

req u ired  to create a unit area of the in terface  or to expand  it b y  unit 

area . When we m easure th e su rfa ce  ten sion  of a liqu id , we are 

m easuring th e in terfac ia l free  en erg y  p er unit area of th e boundary  

betw een  the liqu id  and th e  air above it .  When we expand  an in terface , 

th e minimum w ork, W, req u ired  to  create  th e additional amount of the



in terface is  the product of the in terfacia l ten sion , X tim es the increase  

in the area , A, of th e  in terfa ce , W = XxA.

It was poin ted  out earlier th at th e m olecules at the surface  

have h ig h er  poten tia l en erg ies  than th ose  in th e in ter ior . The surface  

free  e n e r g y  can be regard ed  as th e work of b r in g in g  a molecule from  

the in terior of a liqu id  to the su rface  and th is  will cause an ex ten sion  

of th e su r fa ce . T he stru ctu re  of su rfactan ts is such  th at w hen th ey  

are p resen t in low concentration  th ey  are adsorb ed  a t some or all of the  

in terfaces in  the system  and s ig n ifica n tly  d ecrease  the work req u ired  to 

bring  m olecules to the su rfa ce , th ereb y  d ecrea sin g  th e su rface free  

en erg y .

S u rfa ce-a ctiv e  agen ts  have a ch aracter istic  m olecular stru ctu re  

co n sistin g  of a hydrophobic grou p , w hich has v e r y  little  a ttraction  for  

the so lv en t, to g eth er  w ith a h ydrophilic  group th at has strong  

attraction  for the so lv en t. Compounds h av in g  th is  s tru ctu re  are called  

am phipathic m olecules. When am phipathic m olecules are d isso lv ed  in 

water th eir  hydrophobic groups d isru p t th e s tru ctu re  of w ater and  

th ereb y  in crease  the free  e n erg y  of th e sy stem . T his in tu rn , will 

decrease th e  work req u ired  for  th e ex ten sio n  of the su rfa ce , sin ce  le ss  

work is  req u ired  to b rin g  a m olecule of su rfactan t than a w ater molecule 

to th e su rface  or in terfa ce . T heir lyop h ilic  g ro u p s, due to their



a ffin ity  for the so lv en t, will p rev en t the whole molecule from being  

exp elled  com pletely from the so lv en t as a separate p h ase . In addition , 

th is  am phipathic nature w ill allow the m olecule to orien tate at the  

in terface  w ith the lyoph ilic  group  tow ards the so lven t and the lyophobic  

group away from it . T his orientation  is  a v e r y  im portant factor in 

ch an gin g  the p ro p erties  of the in terfa ce .

1.2.1 Surface Thermodynamic Quantities

When adsorption  tak es p lace at an in terface  the su rface  ten sion  

ch a n g es, and one of the main ob jectives of su rface  chem istry is  to 

determ ine the amount of m aterial th a t is  adsorbed  at an in terfa ce . In 

th is  r e sp e c t , the Gibbs adsorption  equation  is v e r y  u se fu l in 

determ ining the su rface  concentration  at liq u id -liq u id  and liqu id  -vap ou r  

sy stem s.

In the Gibbs treatm ent, the in terface  is  regarded  as a 

mathematical d iv id ing  plane (th e  G ibbs su rfa ce) ( 3 ,4 ) .
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T h is  is  illu stra ted  in the fig u re  above w here a and 3 are homogenous 

up to the phase AA' and BB' r e sp e c tiv e ly . S S 1 rep resen t the d iv id ing  

su rfa ce  having  zero- th ick n ess  and volume situ ated  a t some arbitary  

p osition  betw een  AA' and B B '. T he amount of adsorption  of component 

i is  m easured b y  it s  surface e x c e s s ,  d efin ed  as the amount of i in  unit 

area  of the reg ion  betw een AA' and BB' le s s  the amount of i in the 

same region  of a and 3 ex ten d ed  u nchanged  to  SS'.

T he to ta l internal e n e r g y  of the system  com prising a  3and 

in ter fa c e , s ,  is th e sum of th e in tern al en erg ies  of each  of the phases  

and  so ,

U = U° + U P+ US (1)

w here Ua , and US are th e  in tern al en erg ies  of a 3 and the

in terfa ce  r e sp e c tiv e ly . C orrespondingly  for a small reversib le  change,

dU = dUa + dU P + dUS (2)

dU = ZTdSa - SPdVa + 2fdA + ZEy.dn* (3). 1 1a a ai

w here Z d en otes summation over a ll the p h ases p resen t in  the 
a

sy stem , 2" is the tension  and A the area of the in terface , y is  the

chem ical poten tia l of component i ,  and n. , the number o f moles of i in

th e  system  Z d en otes the summation over  all sp ec ie s  1 to  i.  
i

For the su rface alone,
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dU S = T d S S - PdV + ZdA  + Zy.dnf (4)
. 1 1l

dUS = T dSS + ydA + Zy.dnf (5)
, i ii

a s  dV = O, from th e Gibbs con ven tion  for th e  su rface .

In tegration  of equation  (5 ) ,  hold ing con stan t th e in ten siv e  p rop erties  

T , vl and Z , we obtain

US = T S S + ZA + Zy.nf (6)
. 1 1  l

On d ifferen tia tion , th is  equation  becom es

dUS = T dSS + SSdT + Zy.dnf + ZnSdy. + JfdA + Ad2T (7)
. l i . i i  
i l

T he com parison of equation  (5) w ith (7) g iv e s ,

S SdT + ZnSdy. + A dZ  = O (8)
. i i  l

or p er  un it area,

dy = -S SdT - ZTdy. (9)
i

For a two com ponent system  at con stan t tem perature equation  (9) 

r ed u ces  to ,

dy = - r 1dy1 - r2dy2 . (io>

r and T2 are su rface  e x c e s s e s  and the u su a l convention  (G ibbs) is  to 

p lace the d iv id in g  su rface su ch  that = O and the e x c e ss  of
i

com ponent 2 is  w ritten  to denote th is . T h ere fo re ,
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-d3f = r2dy2 (11)

An alternate method of locatin g  th e  d iv id in g  su rface is  to assum e a 

fin ite  th ick n ess  for the su r fa ce . T hen  and in equation  (10)-1 Z*
s sr ep resen t total su rface con cen tration s (W ritten IT and IT ) .J. M

By u se  of the Gibbs - Duhem rela tion sh ip ,

N ld y i  * N2dy2 = O, 

w here N . and N„ are th e mole fra ctio n s of com ponents 1 and 2,
-L Z

r e sp ec tiv e ly , equation (10) becom es

-dJT = [r2 - (N 2/N 1)r® ]dy2 . (12)

For d ilu te so lu tions of s tro n g ly  a d sorb in g  su b sta n ces , su ch  as
g

su rfa cta n ts, is  n eg lig ib ly  small and equation  (12) can be w ritten

- d Z  = r2dy2 (13)

dy2 = RTd In &2 (14)

w here a 2 is the activ ity  of the com ponent 2. T h erefo re , the ex p ress io n  

for th e  surface e x c e ss  concentration  i s :

T® = -1 /R T  . d Z / d  In a , (15)
Z  C t

or

d* -  -RTI^d In a2
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T h erefo re , the Gibbs adsorption equation (16) is  a 

therm odynam ic ex p ress io n  w hich relates th e su rface  concentration  or 

su rface  e x c e s s  of a sp ec ies  to b oth  the in terfac ia l ten s io n , % and the 

bulk a c tiv ity , a, or fu g a c ity  of the adsorbate.

From equation  (16) it follow s th at

dy = -R T r2d (In X2 + In f 2) (17)

w here X2 is  th e  mole fractions of any com ponent in th e  bulk phase and

-2
f2 its  a c tiv ity  coeffic ien t. For a dilute so lu tion  (10 M or le s s ) ,  

contain ing  on ly  one n on d issocia tin g  surface a c tiv e  so lu te , th e a ctiv ity  

coeffic ien t o f the so lu te  can be considered to  b e con stan t and the mole 

fraction  of th e  so lu te X2 may be replaced by i t ' s  molar concentration .

dy = -R T  r2d In C2 (18)

Equation (18) is  th e  form in w hich the G ibbs equation  in commonly 

u sed  for so lu tion s of nonionic su rfactan ts.

In system s w here y is  d irectly  and  sim ply m easurable ( i .e ,  

liq u id -liq u id  and liq u id -vap ou r sy stem s), the G ibbs ad sorp tion  equation  

is  u sed  to ca lcu late the su rface concentration.

The G ibbs adsorption  equation  (16) for 1 : 1 ion ic com pounds can 

be w ritten  as:

-dy = R T (T d l n a  + T d  In a ) 
N + N+ X" X"

(19)
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Where T and T , are the su rface e x c e ss  con cen trations of the N 
N + X~

su rfactan t ion and the counter ion, X , r e sp e c tiv e ly , and a + and av -
PsJ X.

th e ir  r e sp ec tiv e  bulk  p hase a c t iv it ie s .

For so lu tion s of su rfactan t in pure w ater, r = V
N, max X ,max

and th u s,

d In a ++ d In a = 2d (ln  C + In f+) ,  w here C , is  the molar 
N X" N X" N X"

concentration  of the su rfactan t and f  is  the mean a c tiv ity  coeffic ien t of

the su rfactan t. When T has reached  it's  maximum va lu e ,
N +

-dJT = du = 2RTT d (ln  C + In f +) .  (20)
N +X",m ax N+x"

T is the maximum su rface e x c e ss  concentration  of the
N X , max

su rfactan t and it is  the su rface  p r e ssu r e . In th ese  ca ses  th e a ctiv ity  

co effic ien ts  may be eva luated  (5) from the D eb ye-H u ck el equation

log  f = -B  | z z _| I1 /2  /  1 + 0 .3 3  a I1/2  (21)

3 /2Where B = 1 .825xl0G x(D T ) . H ere, I is  the ionic s tr e n g th  b ased  on 

th e free  ions in the so lu tion , a is  the mean d istan ce of approach of the  

io n s , in  A° (5 ) , and D is  th e d ie lectr ic  con stan t of so lv en t, a is taken  

as 0 .6  for th e su rfactan t ion and 0 .3  for the cou n ter io n s, log  f  in  

equation  (20) is  assum ed to  equal (log f ++log f _ ) /2 .

From equation  (2 0 ),
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r*T+v ~ = 1 /4 .606K.T. [d n /d (lo g  CXT + log  f )] (22)N X , max & N+X- & ± 'Jmax J

or

r = -1 /4 .6 0 6 R T . [dJf/d(log C _+ log  f  )] . (22a)
N X ,m ax N X" “ max

T he su rface  e x c e ss  concentration  , r_,  for  a d ilu te solution  o f a 1:1

ionic su rfactan t in th e p resen ce  of a swamping amount of e lectro ly te

conta in ing  a common n on -su rfa cta n t ion, from equation  (1 9 ), is

r + _ = r  + = 1 /2 .3RT . [d ir/d (log  C + + log  f +) ] ,
N X ,m ax N ,m ax N

(23)

sin ce u n der th ese  cond itions th ere  is  no change in th e  a ctiv ity  of the  

counterion  w ith  ad sorp tion .

Surface e x c e ss  concentrations can con seq u en tly  be obtained  from the  

slop es of p lo ts  of K v s  log a at con stan t tem p eratu re. For su rfa ce-  

active  so lu te s , the su rface e x c e s s  con cen tration , T , can be considered  

to  be equal to th e actual su rface  concentration  w ithout sign ifican t  

error.

T he slope of a typ ica l su rface p r e ssu r e , it v s  lo g  a cu rve  is 

e ssen tia lly  con stan t below b u t near th e cmc and from eq u ation s (22) and

(23) it is  ev id en t that the su rface e x c e ss  con cen tration  h as reached  a 

con stan t maximum value in th is  reg ion .
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T he su rface  e x c e ss  concentration  at su rface  saturation , T , is  amax

u sefu l m easure of th e  e ffe c t iv e n e ss  (6) of adsorption  of a su rfactan t at 

the in terface  since it is the maximum value to w hich adsorption  can  

a tta in .

From the surface e x c e ss  concentration , another v e r y  u sefu l surface

2
param eter, the area per m olecule, A, at the in terface in nm , is

calcu lated  from the relationship:

A = 1014/N r 2 , (24)

2w here N = A vogadro’s num ber and is  in m oles/cm  .

T he area per m olecule at the in terface  g iv e s  u s information  

regard in g  th e  pack ing and the orientation  of th e  adsorb ed  su rfactan t  

m olecule at the in terface , w hen compared w ith th e dim ensions of the

m olecule as obtained  by u se  o f m olecular m odels. T he area that a

m olecule of su rfactan t w ill occu p y  at the in terface  w ill depend  on the

nature of th e  hydrophobic group and on th e  position  and the nature of 

the h yd rop h ilic  group.
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1 .2 .2  Standard Thermodynamic Param eters

The evaluation  of standard  thermodynamic fu n ction s of adsorption  

for su r fa ce -a c tiv e  so lu tes p rov id es  an ex ce llen t m eans of q u an tify in g  

subtle  d ifferen ces  in adsorption . For in sta n ce , stand ard  free  en erg ies  

of adsorption  g iv e  u s inform ation that allow u s to compare d ifferen t  

ty p es  of su r fa c ta n ts  as to  th e ir  e ffic ien cy  of adsorption  at various  

in terfa ces , th e ir  e x te n t of ad sorp tion , and the role p layed  by d ifferen t  

stru ctu ra l u n its  in the su rfa cta n t ad sorp tion . On the other hand, 

standard en th a lp y  and en trop y  data provide inform ation con cern in g  the  

mechanism of the adsorption  p r o c e ss .

Thermodynamic fu n ction s of adsorption  for  su r fa ce -a c tiv e  so lu tes  at 

the a q u eo u s/a ir  in terface  have b een  calcu lated  by a num ber of d ifferen t  

m ethods, m aking u se  of data from su rface  ten sion  m easurem ents (7 -1 3 ) .

For v e r y  d ilu te  so lu tions of su r fa ce -a c tiv e  a g e n ts , w here a c tiv ity  

co effic ien ts c lo se ly  approxim ate u n ity , the variation  of su rface p ressu re  

( tt) w ith molar bulk  phase con cen tration  (C ) of su r fa c e -a c tiv e  agen t is 

linear, i .e :

(d ir/dc) c _>0= « (25)

T h is ru le w as poin ted  out b y  Langmuir (1 4 ), who show ed that equation  

(25) is  tru e  w hen  th e  su rface  p h a se  ob ey s an equation  of sta te  w hich is  

analogous to  a 2 -dim ensional ideal gas law:
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it A = k T , (26)

w here A is  the su rface area per m olecule, k is  the Boltzmann con stan t, 

and T is  th e  absolu te tem perature.

B etts  and Pethica (1 5 ,1 6 ) , defined  a su rface  fu g a c ity , it* , as  

fo llo w s:

tt*A = kT = it fA (27)

w here f is  the fu g a c ity  co effic ien t. In the ideal reg io n , w here

T raube's relation  a p p lies , va lu es of f approach u n ity , and va lu es of tt 

may, th erefo re , be con sid ered  equal to su rface  fu g a c it ie s . T h u s, in  

the d ilu te reg ion  w here bulk  a c tiv itie s  can be rep laced  by

con cen trations and w here T rau b e’s law a p p lies , if  the standard  sta te  is

ch osen  as one of unit fu g a c ity  (1 d yn e/cm  ) th e  chem ical p oten tia ls for 

the su rface  and the bulk  p h a ses  are as follow s:

VB = Ho + RT In C (28)

] /=  Vo + RT In n, (29)

w here s and (5 r e fe r  to su rface  and b u lk , r e sp e c t iv e ly , and  v0 to  the  

standard  s ta te s . H ence, a t equilibrium ,

Vo - Vo = -AG° = RT In II/C. (30)
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Since H = a C,

-AG° = RT In a (31)

and d In a /  dT = -A H °/RT2 , (32)

w here AH° is  th e  standard  heat of ad sorp tion .

P osn er e t al (8 ) ,  follow ing Ward and T ordai (1 7 ,1 8 ) , have g iven  a 

somewhat d iffere n t ex p ress io n  for the standard  free  en erg y  of 

ad sorp tion . T h eir  choice of a stand ard  sta te  was in term s of a

m onolayer th ick n ess  of one m olecule in the su rface  p h ase . S ince

O
Ti = y + kT In a (33)s s s v '

Vp = iip + kT In a &, (34)

w here a and a D re fer  to su rface and bulk a c t iv ity , r e sp e c t iv e ly , under  s p

equilibrium  cond itions a t, h igh  d ilu tions w here a c tiv ity  co effic ien ts  

approxim ate u n ity ,
o o

1i + kT  In C /6  = y + kT In C . (35)s s p p ' '

and

y° - y° = -AG° = kT In (C g/C p5) (36)

H ere, the su rface  concentration  of th e so lu te is  e x p r e sse d  as a two

-2dim entional concentration  of m olecules cm , and 6 is  th e  th ic k n e ss  of 

th e su rface  p h a se .
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From T raube's rela tion sh ip , tt = aC, and from the equation of sta te

for a d ilu te in terfac ia l film, it = kTC^, su b stitu tin g  for and then

f o r  tt/ C 0 i n  e q u a t i o n  ( 3 6 ) ,
P

AG° = -2 .3 0 3  kT  log  a /k T  6 . (37)

T h erefore , if T rau b e's con stant is  known and if  the value for the  

m onolayer th ic k n e ss , 6 , can be estim ated , th e  free  en erg y  of tran sfer  

of the so lu te m olecule from the bulk to the m onolayer may be calcu lated .

B etts  and P eth ica (15) have critic ized  th is  choice of a standard  

sta te  in  term s of th ic k n e ss  as arb itrary  and have ind icated  d ifficu lties  

w hen applied  to  ion ized  su rfa ces , in  view  of th e variation  of the d iffu se  

double la y er  th ick n ess  w ith  sa lt concentration .

A lthough the above m ethods of determ ining standard  therm odynam ic 

param eters have th e b e s t  th eoretica l fou n dations, th ey  in volve  

determ ining th e su rface ten sion  of so lu tion s of the su r fa ce -a c tiv e  solute  

at v e r y  low con cen tra tion s w here (d-rr/dC^ is a con stan t i . e ,

w here the su rface  ten sio n  of the so lv en t is  d ep ressed  b y  ju st a few  

mNm * (d y n  cm ^ ) . U n fortu n ate ly , good data in th is  v e r y  d ilu te  reg ion  

are d ifficu lt to gen era te , sin ce  su rface ten sion  va lu es in th is  reg ion  are 

m arkedly a ffected  b y  tra ces  of im purities th at may be p resen t in th e  

so lu tion , or in th e gas p h ase . S econ d ly , m ost of th e stu d ies  dealing  

w ith  su rfa ce  ten sion  have been  perform ed for the p u rp ose o f
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determ ining critica l micelle concentration  and as a resu lt th ere  are only

a few  stu d ies  rep orted  in th e literatu re on th e reg ion  w here Traube's

ru le can be app lied . By m aking some assum ptions, it  is  p ossib le  to use

su rface  ten sion  data in the v ic in ity  of the cmc rep orted  in th e  literature

to  calcu late free  en erg ies  of adsorption , and a num ber o f in vestiga tors

have done so b y  u se  of the S zyszk ow sk i equation , (3 ,1 9 ) .

Yo -  Y = K log  (C /B  + 1) (38)

w here K and B are co n sta n ts , C is  the concentration  of so lu te in mol 
- 3

dm in the aqueous p h a se , and Y the su rface  ten sion  of the  

so lv e n t .

The S zyszk ow sk i equation has been shown (20) to ar ise  from the

com bination of the Langmuir equation

T = T C /(C +B ) (39)max v y '

w here T is  the su rface concentration  of the su rfactan t (T at surfacemax

saturation ) w ith th e  Gibbs adsorption  equation  in th e form

-d3T = 2.303 RT T d log  C (40)

T he con stan t, K, in the S zyszk ow sk i equation  is  rela ted  to the

term s in th e Gibbs equation b y  the ex p ress io n ,

K = 2 .303 RT r (41)max '

T he standard  sta te  in th is  case is  d efin ed  as one in w hich the

su rface  is  half filled , i e . ,  r=T /2  , and th e standard  free  en erg y  ofmax

adsorption  is  g iv en  b y
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AG° = 2.303 RT log B (42)

T his perm its calculation  of a standard  free  en erg y  change of 

adsorption  w hen the S zyszk ow sk i equation f it s  th e  su rface ten sion  data. 

T he app licab ility  of th e  S zyszkow sk i equation  to th e system  being  

in v estig a ted  can be te s te d  by calcu lating v a lu es  for B o v er  a wide 

ran ge of con cen tration s and noting w hether it  rem ains con stan t.

T he s tr ic t  application of the Langmuir ad sorp tion  isotherm  approach  

req u ires  a b sen ce  of in teraction s betw een th e m olecules adsorbed  at the  

in terfa ce . T h erefo re , th e in teraction s betw een  su rfactan t m olecules are 

not included  in th e free  en ergy  param eters and th is  is  a serious  

drawback to the Langmuir isotherm  approach for the calculation of 

thermodynamic p aram eters.

In order to estim ate standard  free en e r g ie s  o f adsorption  making use

of su rface ten sion  data in the range w here 2f has va lu es of 20 mNm \

(d y n es/cm ) and g rea te r , a new standard  sta te  has been  defined

recen tly  (2 0 ). It u s e s  a h yp othetica l stan d ard  sta te  in w hich the

su rface is  filled  w ith a m onolayer of su r fa ce -a c tiv e  ag en t, i . e ,  T=r ,a

but at a su rfa ce  p ressu r e  o f zero.

The equilibrium  betw een  surface and bulk p h ase is  g iv en  b y
o o

+ RT In a = ii + RT In a p p s s (43)
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At maximum su rface saturation . T , th e  Gibbs equation . (1G) for amax » v /

nonionized so lu te  becom es,

dir/dy = T = 1/A  . (44)max min

w here A . is the minimum area per mole of th e  su r fa ce -a c tiv e  agen t, mm &

The ch an ge in chem ical poten tia l in  going  from a su rface p ressu r e  ir to

zero su rfa ce  p ressu r e  is ,  th en , equal to irA . and the standard  freemm

en erg y  of ad sorption  is  g iven  b y ,

AG° = 2 .303  RT log  a -irA . , (45)ad  t t  m i n  v  '

w here a^ is  the a ctiv ity  of the su rfactan t in the bulk  p hase at su rface  

p ressu r e , tt

For nonionic su rfa c ta n ts , a c tiv itie s  can be rep laced  b y  th e molar 

con cen tra tion s, and for ionic su rfactan ts equation (45) w ill take th e  

form.

AG° . = 2 .3  R T [logC  + lo g  f + log  C + log  f  1 - 0 .6023 -it A . ad  + + - - mmN X
(46)

A ctiv ity  co efic ien ts  for the ions can be eva lu ated  (5 ) from th e  

D eb ye-H u ck el equation  (2 8 ).

Unlike the Langmuir isotherm  approach to  th e determ ination of

AG° , ,  h ere  th e in teraction  betw een  su rfactan t m olecules is  included  in  ad

the free  e n e r g y  param eters.
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Standard free en erg ies  of adsorption  at the aqueous so lu tio n /a ir  

in terface for prim ary alcohols at 25 and 20°C calcu lated  b y  th e  T rau b e’s 

con stant m ethod, u s in g  equation (3 1 ), and b y  th e  above m ethod u s in g  

equation  (4 5 ), have been compared (20) and shown to y ie ld  similar 

va lu es for the standard  free  en erg y  o f a m ethylene grou p .

T h e standard  en trop ies and en th a lp ies of ad sorp tion , AS°a^ and 

AH°a ^, can be calcu lated  from the relationship:

d (A G °)/d T  = -AS° (47)

and

AH0 = AG° + TAS° (48)

1 .3  Micelle form ation in A queous so lu tion  b y  S u rfactan ts

(2 1 ,2 2 ,2 3 ,2 4 )

A nother p rop erty  of su r fa c ta n ts , apart from ad sorp tion  at

in ter fa c es , is  th e ir  ab ility  to a g g reg a te  in to  c lu s te r s  to form m icelles.

H ere, too , th e  bu ilt in asym m etry or am phipathic nature o f su rfa cta n t  

monomers is  the cause of th is  phenom enon. Micelle form ation, or

m icellization , is  resp o n sib le  for  su ch  p ro p ertie s  of su r fa c ta n ts  as
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solubilization and d e te fg e n c y . In addition , m icellization in d irectly  

in fluences the su rface and in terfacia l tension  reduction  of the so lven t  

by su rfa cta n ts.

In ionic m icelles, the in terior reg ion  is  surrounded  b y  a reg ion  that 

contains the ionic head g rou p s, the S tern  layer of the e lectr ica l double 

layer, w here most of th e counterions are assoc ia ted . T he rem aining  

counter ions are contained  in the Gouy Chapman portion of th e  double 

layer that ex ten d s  fu rth er  into th e aqueous p h a se . For 

p olyoxyeth y lenated  n on ion ics, the s tru ctu re  is  e ssen tia lly  the same, 

excep t that th e ou ter  region  contains no cou n terion s, b u t in c lu d es coils  

of hydrated  p o lyoxyeth y len e  ch a in s. From recen t in v estig a tio n s  

(2 5 ,2 6 ,2 7 ) , it appears that th ere is some bound w ater a sso c ia ted  w ith  

the fir s t few  m ethylene groups adjacent to the hydrophilic head group .

In hydrocarbon m edia, the s tru ctu re  of th e  micelle in  similar but 

r ev ersed , w ith the hydrophilic  heads com prising the in terior reg ion  

surrounded by an ou ter  reg ion  contain ing the hydrophobic groups and  

hydrocarbon. C hanges in tem perature, s tru ctu re  and concentration  of 

surfactant, and a d d itiv es  in th e liquid  phase are known to change the  

s ize , sh ape, th e  aggrega tion  number o f th e  m icelle , w ith the stru ctu re  

v ary in g  from sp herica l throu gh  rod or d isc lik e  to lam ellar in shape  

(2 2 ) .
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The aggregation  of monomers to form m icelles freq u en tly  s e ts  in 

over  a rem arkably narrow range of so lu te con cen tration , usually  

denoted  as the critica l micelle con cen tration . A plot of the su rface  

tension  of a su rfactan t solution ag a in st the logarithem  of in v erse  

concentration  show s a d iscon tin u ity  in th e  region  w here the critical 

micelle concentration  is  reached . T h is is  a popular method for  

determ ining the critica l micelle con cen tration . Similar breaks in almost 

ev er y  m easurable p h ysica l p rop erty  th at depend  on the s ize  or number 

of p artic les  in solution  are shown b y  all ty p e s  of su rfacta n ts:n o n io n ic , 

anionic, cation ic and zw itter io n ic .

C onseq u en tly , there are a large num ber of o th er p ossib le  m ethods 

for determ ining the cmc (24) and th ey  v a ry  w ith  re sp ec t to th eir  

p recision , accu racy  and u se fu lln e ss . T he reliab ility  of th e  cmc is  of 

great im portance in the evaluation  of q u antita tive a sp ects  of the  

monomer-micellar equilibrium . O ther m ethods commonly u sed  for the  

determ ination of the cmc are e lec tr ica l co n d u ctiv ity , lig h t sca tter in g  or  

refractive  in d ex . Spectral ch an ges a sso c ia ted  w ith  added ionic d y es  of 

opposite ch arge to th e su rfactan t ion , though  a popular m ethod for  

determ ination of the cmc, g iv e  su b sta n tia lly  inaccurate r e su lts  due to 

th e dye b ein g  able to act as a su r fa ce -a c tiv e  im purity (1 0 ) . An 

ex ce llen t cr itica l evaluation  of the m ethods for  determ ining cmc is  g iven  

b y  Mukerjee and M ysels (2 4 ).
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T he ten d en cy  of the hydrocarbon  part of the su rfactan t monomer to 

asso c ia ted  w ith  itse lf  rather than to be so lvated  by w ater is th e  prim ary  

d riv in g  force for m icelle form ation. In sp ite  of considerab le attention  in  

recen t y e a r s , the natu re of hydrophobic bonding s till rem ains 

incom pletely u n derstood . In itia lly , the formation of m icelles was 

regard ed  prim arily as an in terfac ia l en erg y  e ffe c t  (27 to  29) and the  

minimization of th e in terfac ia l free  e n erg y  was believed  to provide the  

d riv in g  force for m icellization . A ggregation  occu red , according to th is  

v iew , when, the en erg y  available from th e hydrocarbon  - w ater in terface  

exceed ed  the e lectr ica l e n erg y  due to the repu lsion  of the ionic heads  

in the m icelle. T he above model p red ic ted  m icelle form ation to be  

predom inently an e n e r g y  e ffe c t  and the p ro cess  to be exotherm ic.

H ow ever, en th alp y  ch an ges determ ined from calorim etric (29-31)

m easurem ents and tem perature variation  of the cmc (3 1 -3 6 ), w ere shown

to b e p o sitiv e  and sm all, at le a st  at low er tem p eratu res. Goddard et al

(3 1 ,3 2 ) , exp la ined  th is  p o s it iv e , but sm all, en thalpy change in term s of

ord erin g  of w ater m olecules around the su rfactan t monomers in  solution

, th u s low ering the en th a lp y  and en trop y  of the pre-m icellar system .

When su ch  a monomer becom es part o f a m icelle, its  frozen  w ater

m olecules are re leased  to th e bulk  w ater s ta te . T h is accou n ts for th e

p o sitiv e  AH° . v a lu es  and a lso  th e in crease  in random ness o f the p o s t-  mic

m icellar system . In th e d escr ip tion  of en e r g e tic s  o f m icellar formation it
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is assum ed that the environm ent of the hydrophilic  head group of the  

su rfactan t ions remains unchanged  prior to and a fter  m icellization . 

H ence, the main contribution  to th e p ro cess  is  ex p ected  to  be from the  

hydrocarbon chain . R ecent s tu d ie s  (21) show  th at th ere is  a 

su b stan tia l in flu en ce of the hydrophilic  head  group on th e free  en erg y  

of m icellization. T h is a r ises  due to the compact nature of the micelle 

w hich forces  the hydrophilic head groups to be c lose ly  packed  and  

orien ted , and th erefo re , to in teract w ith each o th er . T h ese  

in teractions, are in fluenced  b y  the h yd ration , ster ic  and size  factors of 

th e hydrophilic head g rou p s, So far, th ese  in teraction s have been  

trea ted  only sem i-q u an tita tive ly . T h erefore the in terpretation  of 

experim ental heat ch an ges in term s of hydrocarbon chain contributions  

alone is  not com pletely valid  (21) .

A lthough the en erg y  ch an ges assoc ia ted  w ith micelle formation have  

b een  stu d ied  e x te n s iv e ly  (3 7 -4 8 ,3 0 ,3 5 ) , no u n iversa lly  accep ted  se t of 

therm odynam ic rela tion sh ips has ev o lv ed . T his lack of co n sisten cy  in  

th e thermodynamic treatm ent is  due to incom plete u n d erstan d in g  of the  

p ro cess  o f m icellization.

Two general approaches have been  developed: in  th e f ir s t ,

m icellization is  regarded  as a p hase separation  w hich commences at the  

cmc (4 9 ,4 0 ,4 2 );  in the secon d , m icelles and th e sin g le  su rfactan t ions
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are con sid ered  to be in assoc ia tion -d issoc ia tion  equilibrium  (3 7 ,5 0 ,5 1 ,5 2 )  

and th e law of m ass action is app lied .

a) Mass action model (2 1 ,3 7 ,4 6 ,5 3 )

H ere, the follow ing equilibrium  is  con sid ered ;

n (N +) + m(X") -->  (M)n_m,
+  —

Where N is the su rfactan t ion and X its  counter ion . T he equlibrium

constant for  the above is:

K = a /  (a +) n (a _ )m (49)
N X

w here the m icelle, M, is  th ou gh t to be an a g g reg a te  of n  su rfactan t  

ions with m firm ly bound an ion s.

A ssum ing no deviation  of a c tiv ity  co effic ien ts  from u n ity , the

standard free  en erg y  of m icellization , p er  mole of monomeric su rfactan t,

AG° . is  g iv en  by  mic

AG°mic= * T <-lo e lMl /n  + ln  tN+l + m/ n ln lX" l) (5°)

When the aggrega tion  num ber n is  large  (g rea ter  than 20) (5 2 ),

-log  [M] /n  is  gen era lly  v e r y  small com pared to other term s on the r ig h t  

hand side o f the equation  (54) and is  o ften  om itted, y ie ld in g

AG° . = RT (ln [N  + ] + m /n  ln  [X ~ ]) (51)
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For nonionic su rfa cta n t, equation (55) sim plifies to,

AG° . = RT ln  cmc (52)mic
+

as th e monomer concentration  [N ] is  the cmc.

T he situ ation  for ionic su r fa c ta n ts , w here a c tiv ity  co effic ien ts  are 

ex p ected  to d ev ia te  s ig n ifica n tly  from u n ity , is:

AG° . = 2 . 3  R T [log  a + m /n (lo g  a )]  (53)
miC N+,cm c X~

=2.3  RT [log cmc + log  f + m /n (lo g  C + log  f )]
x"

(54)

The counterion  concentration  at the cmc is the concentration  of all 

cou n ter ion s, in clud ing  any added e lec tro ly te .

T he m ost popular m ethod of estim ating  the m /n  fraction  in equation  

(50) is  due to Corrin (5 3 ). The logarithm  of the cmc of ionic 

associa tion  collo ids normally is  found to  vary  linearly  w ith  th e logarithm  

of th e to ta l counterion  con cen tration . U nder th ese  c ircum stances the  

slope of su ch  a cu rve should  g iv e  th e m /n  va lu e . V alues of m /n (the  

d eg ree  o f associa tion  of the counter io n ), have b een  experim entally  

determ ined from m easurem ents of electrom otive force  (5 4 ,5 5 ,5 6 ) ,  

e lectr ica l con d u ctiv ity  (57) and lig h t sca tter in g  (5 8 ).

b) Phase Separation Model (4 0 ,4 2 ,4 9 ,5 0 ,5 1 ,5 2 )
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T his approach , co n sid ers  th e  m icelles to be a separate p h ase . 

H ere, the cmc is regarded  as th e  saturation  so lu b ility  of th e  sing le  

sp ec ie s , w hich if  e x ce ed ed , lea d s to  the production of a new p h ase .

If n moles o f su rfactan t and m moles of so lven t a g g rega te  to  form  

one mole of m icelles, th en ,

n̂ L + my0 = y (55)

w here and y^ are the chem ical potentials of the monomeric and 

m icellized su r fa c ta n ts , r e s p e c t iv e ly , and yQ the chemical poten tia l of the  

so lv en t. T he stand ard  free  e n e r g y  for micelle formation is th en ,

0 o o
AG. = v - (ny. + my°) = RT (n ln  a. + m ln aQ - ln  a ) ,1 n 1 i n

(56)

w here th e zero su p e rsc r ip ts  d en o te  the standard  chemical p oten tia ls for  

the h yd rated  monomer, th e h y d ra ted  micelle and the so lven t (at unit 

mole fraction) and a r e fe r s  to  th e ir  resp ective  a c tiv it ie s .

S ince in d ilu te  solution  aQ= 1, a s  the micelle is  trea ted  as a separate  

p h ase , an m ust be con stan t at u n ity  and the equation  (56) sim plifies to 

AG°/n = AG° = RT ln  a. (57)1 l v '
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For a d ilu te solution  of a non e lec tro ly te  su rfactan t, equation  (57)

will becom e,

AG° = RT ln C.,1

or

AG° = RT ln cmc, (58)

w here AG° is th e standard  free  e n erg y  p er mole of m icellized  monomers

and C. the mole fraction  of monomer at the cmc. 
i

T he standard  en th a lp y  of m icellization is  g iv en  b y

AH° = -R T 2 d ln  cm c/dT  (59)

In the above treatm ent, the m icellar p hase is defin ed  as com prising  

both th e ch arged  su rfactan t ions and th e cou n ter ions in the d iffu se  

double layer and th e system  is d escr ib ed  in term s of uncharged  

com ponents.

T he basic assum ption of th e  two phase model is  that th e  monomer 

a c tiv ity  rem ains con stant above th e cmc, w hile in th e m ass action  model 

for a fin ite  va lue of n , the monomer a c tiv ity  m ust in crease  above the  

cmc, how ever slow ly (4 3 ). C onstant a c tiv ity  of the monomer above the  

cmc w ould lead  to a con stan t a c tiv ity  of the m icelle, too . In con tra st, 

to th is , how ever, it  has been found  that th e  vapor p r e ssu r e s  and  

freez in g  points of so lu tion s of assoc iation  colloids d ecrea se  above the
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cmc (3 4 ,5 8 ,5 9 ) , ind icating  that the a c tiv ity  of the monomer in crea ses. 

T his variation  in a c tiv ity  above the cmc has been  fu rth er  su bstan tia ted  

b y d ia ly sis  experim ents (6 0 ).

E vidence in favour of constant monomer a c tiv ity  above the critical 

m icelle concentration  are su rface ten sion  data above the cmc, w here it 

has been  o ften  rep orted  that the su rface ten sion  rem ains co n stan t. The 

m ass action model would p red ic t a slow d ecre a se . On the other hand, 

su rface  ten sion  is  v e r y  sen sitiv e  to su r fa ce -a c tiv e  im purities and  

furtherm ore su rface  ten sion  data above cmc is gen era lly  confined  to the  

reg ion  ju st above th e cmc, con seq u en tly , it is  d ifficu lt to evaluate  

th ese  data. From the data available on w ell purified  su rfactan ts  

(6 1 ,6 2 ) , th ere  is  ev id en ce  to confirm the slow  decrease of surface  

ten sion  above the cmc. Due to  lack of su b sta n tia l su rface  ten sion  data 

on p u rified  su rfa c ta n ts , th e  monomer a c tiv ity  above cmc is  assum ed to 

remain con stan t in the m ass action model for the treatm ent of 

m icellization . W henever n is  la rg e , errors  a r isin g  from th is  

approxim ation can be con sid ered  to be n eg lig ib ly  small.

W hereas b oth  th e se  approaches are sound for the treatm ent of 

nonionic sy stem s, p rov id ed  the non ideality  e f fe c ts  are small, the  

q u estion  a r ise s  w hether th ese  two m odels app ly  to  ionic association  

co llo id s. In th e  m ass action model th ere is  doubt w hether all e f fe c ts  of
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the ionic in teractions of the m icelles are included  in the fraction  m /n of 

counter ions bound to the micelle and what value of m /n to u se  (4 3 ). 

On the other hand, there is  doubt as to w hether the e ffe c t  of 

counterions can be ign ored , as done in the two phase model. To 

overcom e th ese  two app roach es, th e  two p h ase model has b een  modified  

b y  Pethica et a l, to  take into account the counterion  e ffec t on micellar 

form ation (5 2 ).

B y trea tin g  the micelle as a separate p h ase , th ey  have shown that 

th e en th a lp y  of m icellization can be calcu lated  from the tem perature  

d ependence of the a ctiv ity  of m icelle-form ing sp ec ies  b y  u se  of the 

re la tio n sh ip :

-AH -  a (d  ln (c m c )/d T )AQ

assum ing a c tiv ity  coeffic ien ts  to be u n ity . For pure ionic d e te r g e n ts  in  

th e ab sen ce o f e lec tro ly te , a = 2; and in the p resen ce  o f swamping  

amount of e lec tr o ly te , a = 1. AH = Hm - HW, w here Hm and HW are 

th e partia l molar heat con ten ts of the su rfactan t in the m icellar phase  

and in th e w ater p h ase , re sp e c tiv e ly . T he AH va lu es ca lcu lated  from  

th e se  eq u ation s for sodium dod ecyl su lfa te  w ith  and w ithout added sa lt, 

are found  to be in agreem ent w ith the v a lu es  obta ined  from calorim etric  

determ inations for th e same com pounds, (3 2 ,4 0 ,6 3 ) .
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To reconcile the two approaches, the mass action and the phase  

separation  m odels, Shinoda (42 ,64 ) has trea ted  th e micellar phase as a 

charged  en tity  and has d er ived  the follow ing eq u ation s.

AHm/T  = - (l+ K g )R T (d  ln cm c/dT ) (61)

Kg is  an experim ental con stan t and is eq u iva len t to  the m /n  fraction  

obtained  in the m ass action  model.

In the ab sen ce of sa lt,

AHm/T  = -k T [(d  ln  X 2/d T ) AQ + Kg (d ln  X g / d T ) ^  ] (62)
m m

w here X^ and X^ are the con cen trations of su rfactan t ion and  

counterion , r e sp ec tiv e ly .

In the p resen ce  of a swamping amount of e lec tro ly te , X„ is  aO

con stant and th e equation  (6 2 ), will becom e,

" V T = -kT (d in X 2/d T )4G_Xi (63)
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In th is  ex ten sio n , thermodynamic calcu lations for the phase  

separation  model are brought much closer to th ose  b ased  on the mass 

action approach.

1 .4  Surface T ension  R eduction b y  S u rfactan ts

Surface ten sion  reduction  in aqueous media dep en d s upon the  

replacem ent of w ater m olecules at the su rface  by su rfa ce-a ctiv e  

m olecules from th e bulk phase of the so lu tion . In d isc u ss in g  surface  

a c tiv ity  and th e relationship  betw een  the stru ctu re  of the surfactan t  

and it s  reduction  of su rface  ten sion , it  is  n ecessa ry  to d istin gu ish  

betw een  the a) the e ffic ien cy  (65) of a su r fa c ta n t, m easured b y  the  

bulk p hase concentration  of su rfactan t req u ired  to produce some 

s ig n ifica n t reduction  in the su rface ten sion  of th e  w ater, and b) its  

e ffe c t iv e n e ss  (6 6 ), m easured b y  the maximum su rface  p ressu r e  (minimum 

su rface  ten sion ) to which the su rfactan t can low er the su rface ten sion , 

sin ce th ese  two param eter are o ften  found to  run  cou n ter to each o th er.

1 .4 .1  a) E ffic ien cy  of Surface T ension  R eduction

It has been  proposed  by R osen (65) that th e lo g  of th e  reciprocal of
-3

th e con cen tration , C ^ , in moles cm , of su rfactan t n ecessa ry  to  

produce an in terfac ia l p ressu r e  of 20 d yn e cm * i . e .  log  (I /C ^ q) or



pC^Q, be con sid ered  as a m easure of the e ffic ien cy  of a su rfactan t in  

red u cin g  in terfacia l ten sio n . Furtherm ore, th is  q u antity  can be shown  

to be rela ted  to th e  free  en erg y  of ad sorp tion , w hich its e lf  is  a m easure  

of the e ffic ien cy  of adsorption  of a su rfa cta n t. From equation (4 5 ),

AG° , = RT In C - tt A . (64)ad n min v '

At a su rface  p ressu r e  of 20 d yn es cm \

AG° , = 2 .303 RT log  C nn - 20 A . (65)ad 20 min v

or

AG° . = -2 .303R T  pC„„ - 20A . , ad 20 mm

(w here p C 2Q. = - lo g  C ^ )

and

pC on = - (AG° , / 2 .303 RT) - (20 A . /2 .3 0 3  RT) (66)20 ad min v

When the in terfacia l p ressu re  has reached  a va lu e of 20 d yn e cm \

the su rface  concentration  is  u sually  c lo se  to  its  maximum va lu e and

th erefo re  the area per m olecule, A . , is  a co n sta n t. When d ifferen tmm
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su rfactan t m olecules have the same h yd rop h ilic  grou p , or similar Amin

th en ,

pC2Q = -AG°ad /  2 .303 RT - K (67)

For a stra ig h t chain su rfactan t of s tr u c tu r e , CH (-C H  - )  W, w here W
o z n

is  th e  hydrophilic  portion  of the m olecule, AG°ad is  g iven  b y  the  

re la tio n sh ip ,

AG°ad = AG°(-W) + m AG°(-CH2- )  + K , (68)

w here m = the tota l num ber of carbon atoms (n+1) in the hydrocarbon  

chain  and K^, the d ifferen ce  in free  e n e r g y  of tra n sfer  betw een  the  

term inal (-C H ^-) and (-C H 2 ”) grou p , th u s ,

pC2Q = (-A G °(-C H 2-) /2 .3 R T )m  + (-AG°(-W ) ) /2  . 3RT + K2 (69)

U nder conditions w here AG°(-W) is  in d ep en d en t of the len g th  of the  

hydrophob ic grou p , for a hom ologous se r ie s  of stra ig h t chain
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su rfa cta n ts  w ith the same hydrophilic group at some sp ecified  

tem perature,

pC 2Q = (-A G °(-C H 2-) /2 .3 R T )m  + K y  (70)

w here K2 and are co n sta n ts .

A s seen  from equation  (7 0 ) , the P ^ o  va lu e should  in crease w ith  

in crease  in th e num ber of carbon atoms in a s tra ig h t chain  hydrophobic  

grou p , and th is  is  found to be true experim entally  (6 5 ).

T he va lue of the free  en erg y  d ecrease  p er m ethylene grou p , "AG°acj 

( “CH2 ") can be obtained  ( 6 6 )  from th e slope of th e  p lot of P ^ o  v s  m, 

equation  (69) .

T he PC2q va lue is  found to in crease by 0 .5 5 -0 .6  for e v e r y  increase  

of 2 (-C H 2") groups for the aqueous so lu tio n /a ir  and aqueous  

so lu tio n /h ep ta n e  in terface  (6 6 ).

In the case  of p o loxyeth y len ea ted  non ion ics a t th e  aqueous  

so lu tio n /a ir  in terface  and for ionic su rfa cta n ts  at 0 . 1M NaCl aqueous  

so lu tio n /a ir  in ter fa ce , P ^ O  *s incrG ased b y  about 0 .9  and 0 .7 ,  

r e sp e c t iv e ly , w hen the chain len g th  is  in creased  b y  2 (-C H 2 ) g rou p s.
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1 . 4 . 2  b)  E ffec tiv en ess  in Surface or In terfacial T ension  R eduction  

( 66)

T he su rface  p r essu r e  at the cmc is  th e  maximum p r e ssu r e , tt cmc> 

an aqueous solution  of a w ell pu rified  su rfactan t can ach iev e , and its  

value at th is  poin t is th erefo re  a su itab le m easure o f the e ffe c tiv e n e ss  

of a su rfactan t in  red u cin g  su rface  or in terfacia l ten sio n .

If the cmc e x ce ed s  the so lu b ility  of the su rfactan t at a particu lar  

tem perature, th en  the maximum su rface p ressu re  will be ach ieved  at the  

point of maximum so lu b ility .

T he follow ing equation has been  d erived  (66) ,  show ing the

relation sh ip  b etw een , T cmc, C , and the' e ffe c t iv e n e ss  ofrnEX ̂  zu

adsorption  , ( it ) ,  cmc

-AJT = it = 2 0  + 2 .3  RTr log cm c/C 0rt (71)cm c. cmc max 20

The larg er  the maximum su rface  concentration , the la rg er  the critica l

m icelle concentration  and th e smaller the C va lu e , th at is ,  the larger
z u

the cmc/C^Q ratio , the g rea ter  the su rface p r e ssu r e , tr at th e  cmc.
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1 .5  Surface ten sion  data

Im purities are a major problem in su rface chem istry . In adsorption  

at any in terfa ce , so lid /g a s , so lid /liq u id , liq u id /g a s  or liq u id /liq u id , the  

p resen ce  in  the system  of ev en  a trace of im purity that is  more 

su r fa ce -a c tiv e  than  the m aterial w hose adsorption  is b ein g  m easured  

makes the data obtained  v e r y  u n reliab le. T he p resen ce  of th ese  

im purities is  the cause of a minimum in th e su rface  ten sion -  

concentration  c u rv e , as shown b y  Miles (67 , 68) .

In the determ ination of su rface  p rop erties  and therm odynam ic

param eters of su r fa ce -a c tiv e  a g e n ts , and for intercom parison of

d ifferen t su r fa c ta n ts , reliab le su rface ten sio n  data are of prime

im portance. T he standard  free  en erg y  of a adsorption ,

su rfactan ts at the aqueous so lu tio n /a ir  or aqueous so lu tion /h yd rocarb on

in terface is  most often  calcu lated  from su rface ten sion  data on d ilute

aqueous solution  of the com pounds u n der in v estig a tio n . The standard

free e n erg y  of m icellization, AG° . , of su rfactan ts is  obtained  frommic

the cmc. T hough  cmc v a lu es  may be obtained  b y  a v a r ie ty  of m ethods, 

the u se  of su rface ten sion  is  one of th e m ethods most free  of criticism

(24) .  A major ad vantage of th e  u se  o f su rface ten sion  for determ ining  

the free  en erg y  of adsorption  or m icellization or su rface  p ro p erties  is 

that data that are invalid  due to th e p resen ce  of h igh ly  su r fa ce -a c tiv e
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im purities are easily  d e tected  by the p resen ce  of a minimum in the  

su rfa ce -ten sio n  concentration  cu rve  and also b y  the v e r y  slow approach  

to  equilibrium  su rface ten sio n .

The va lu es rep orted  for the same su b stan ce  in the litera tu re  often  

show  d isagreem ent, and th is is  illu stra ted  b y  the paper b y  Vijayendran. 

(69) ,  w here s ix  p u rch ased  sam ples of sodium d od ecy l su lfa te , 

su p p osed ly  pure enough  for  su rface  chemical resea rch , all showed  

su rface ten sion  minima and fiv e  of the s ix  could not be p u r ified , b y  

e x te n s iv e  u se  of conventional m ethods, as shown b y  th eir  v a lu es  for the  

cmc. B ecause the m ethods o f p rep aring  su rfactan ts gen era lly  resu lt  in 

the p resen ce  in them of h igh ly  su rfa ce  - active  im purities that are 

d ifficu lt to rem ove to  a d eg ree  su ffic ien t for reliab le chemical 

in v estig a tio n s , much of the su rface  chem ical data on su rfa cta n ts  in the  

sc ien tific  litera tu re  is  o f dou btfu l re liab ility  ( 24 , 42) .  A com pilation of 

critica l m icelle concentration  is su e d  a few  yea rs  ago co n sid ers  only  

about 600 of the 5000 en tr ies  lis te d  th erein  as reliable (24) .

In sp ite  of th e  trem endous ad van ces made d u rin g  th e  p a st few  

d ecad es or so  in separation  and  p u rifica tion  tech n iq u es , th e purification  

of su rfa cta n ts  for  su rface chem ical in v estig a tio n  is  g en era lly  still 

perform ed b y  m ethods d eveloped  in  the 1940's (69) .  T h ese  gen era lly  

in vo lved  ted iou s so lv en t ex tra ctio n  and m ultiple cry sta lliza tio n  from
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various so lv e n ts . T hese d ifficu lties  have made it almost im possible to 

calcu late reliab le therm odynam ic param eters of adsorption  and 

m icellization or to rela te  chem ical s tru ctu re  to  application p rop erties  and  

con seq u en tly  have ham pered the aquisition  of a fundam ental 

u n d erstan d in g  of th ese  phenom ena.

In the p ast few  y e a r s , a rev e rsed  phase liquid  chrom atography  

p roced u re , coupled  w ith  more conventional m ethods of p u rification , has 

been  developed  for the purification  of su rfactan ts  (7 0 ). T h is  procedure  

h as been  shown to rem ove sp ecifica lly  the h igh ly  su r fa ce -a c tiv e  

im purities from su rfactan t so lu tion s u nder in v estig a tio n . T h ese  h igh ly  

su rfa ce -a c tiv e  im purities are rem oved from aqueous solution  o f both  

ionic and n on -ion ic su rfa cta n ts  b y  p a ssin g  the solution  th rou gh  small, 

13 x  10mm, prepacked , h ig h  d en s ity , chrom atographic columns of 

octad ecy lsilan ized  silica  gel, (SEP - Pak C18 C artridge, Water A ss o c .,  

M idford, M a ss .) . S ince th ese  columns operate b y  re v e r se  p h ase liquid  

chrom atography, th ey  reta in  most s tro n g ly  the most hydrophobic  

im purities, allow ing the su r fa c ta n t, free  of th e se , to p ass throu gh  in 

th e aqueous p h ase . Solution of su rfa cta n ts  trea ted  b y  th e above  

procedure w ere found to have no minima in su rface tension  

concentration  cu rv es and equilibrium  su rface  ten sion  was reached  

w ith in  one hour.
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1 .6  C urrent s ta te  of know ledge on p h y sica l chemical p rop erties  of 

su r fa c ta n ts .

N onionic S u rfactan ts

N onionic d e terg e n ts  account for approxim ately a fifth  of th e  total

d eterg en t m arket (2 ) . T heir com patibility w ith a ll o th er ty p e s  of

su rfa c ta n ts , res is ta n ce  to  hard w ater and polyvalent ca tion s, and

so lu b ility  in both w ater and in hydrocarbon  so lv en ts  has made them

v e r y  a ttra ctiv e  for  in d u str ia l app lications. In recen t y e a r s , nonionic

su rfactan ts b ased  on p o lyox y eth y len a ted  C 0 to C _ alcohols have
1Z l o

become v ery  a ttra ctiv e  as low tem perature lau n d ry  d e te r g e n ts .

Among th e nonionic d e te r g e n ts , p o lyoxyeth y len ated  m aterials have  

th e sp ecia l ad van tage that th eir  physico-chem ical p rop erties can  be  

m odified con sid erab ly  b y  sim ply ch an g in g  the len g th  o f the  

p o ly o x y eth y len e  groups to g iv e  a ran ge of products of v a ry in g  su rface  

and m icellar p ro p ertie s . As a r e su lt , th ese  p o lyoxyeth y len ated  

nonionics have become the su bject of considerab le in vestiga tion  in  the  

la st few  d eca d es. U nfortun ately , most of the p u b lish ed  w ork on 

p o ly o x y eth y len a ted  nonionics has been  carr ied  out u sin g  commercial or  

rath er impure m aterials due to th e d ifficu ltie s  in preparation  o f pure  

hom ogenous m aterial and th e  lack of a procedure for the p u rification  of 

th e commercially available nonionic su r fa c ta n ts .



42

T he p resen t know ledge of the su rface and micellar p rop erties  of a 

ser ie s  of pure e th en oxy la ted  com pounds is  limited to p -te r t-C o

H17C6H4 (OC2H4) x° H' Where X = 1 " 10 (71 ’ 7 2 ) ' CmH2m+l< OC2H4>6OH

w here m = 8 , 12, and 16 (73) and  C H_ , (OCH0CH_)0OH, w here n =
n  2n + l  z  z  o

10 to  15 (7 4 ).

From th e se  in v estig a tio n s , it is ev id en t th at the cro ss -sec tio n a l area  

of th e  m olecule in crea ses  w ith th e num ber of o x y eth y len e  u n its  and that 

th e e ffe c t iv e n e ss  o f adsorption  o f th ese  com pounds appears to in crease  

w ith in crease  in the len g th  of th e  hydrophob ic group (71) .

In earlier in v estig a tio n s  on p o lyoxyeth y len a ted  nonylphenols w ith  

a v era g es  of 1 0 .5 , 15, 20, and 30 o x y e th y len e  u n its  (7 5 ), th e  cmc w as 

o b serv ed  to in crease  lin early  w ith  in crea se  in o x y eth y len e  con ten t. 

S u b seq u en t stu d ies  on pure p o ly o x y eth y len a ted  nonionic com pounds 

(7 1 ) , ind icated  that th ere is  no apparent lin ea r ity  for m olecules w ith  

le s s  than tw en ty  o x y eth y len e  u n its;  on the o th er hand, for a ser ie s  of 

p -te r t-o c ty lp h e n o x y p o ly (e th e n o x y )e th a n o ls , Crook e t al (71) o b serv ed  a 

minimum cmc at o x y eth y len e  con ten t of fou r, as the num ber of 

o x y eth y len e  u n its  in the m olecule in creased  from one to ten .

From stu d ies  on the tem perature d ep en d en ce  of th e  cmc, Crook et  

al (72) determ ined the ch an ge in th e en th a lp y  and en trop y  of 

m icellization for the se r ie s , p -te r t-o c ty lp h e n o x y p o ly (e th e n o x y )e th a n o l.
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For the m olecules with oxy eth y len e  u n its greater  than four, AH° .rmc

and AS0 . were p o sitiv e  and found to in crease w ith in creasin g  rmc

o x y eth y len e  con ten ts . Increase in tem perature caused  both AH0 .mic

and AS° . , va lu es to become le s s  p o s itiv e . For m olecules w ith  le ss  mic

than four oxy eth y len e  u n its , th e  AH0 . and AS° . w ere both  n eg a tiv e ,mic mic

although th ey  s t ill in creased  w ith tem perature.

From cmc stu d ies on the hom ologous se r ie s , C H„ „ (O CLH .)„0H& ’ n 2n+l 2 4 '6

w ith n = 8 ,12  and 16, th e ^^°mjc Per m ethylene group was shown to  

be 1 .1  kT by Corkill e t  al, u s in g  un it mole fraction  as the referen ce  

sta te  (73) . The contribution  to the total free  en erg y  of m icellization of 

the o x yeth y len e  unit has been estim ated  b y  them to be one ten th  the  

change in AG° per m ethylene group ( - C h ^ ) ,  w ith  opposite s ig n .

More r e c e n tly , Meguro e t  a l (7 4 ) , from stu d ie s  on the homologous

se r ie s  C H_ , (OCH_CHn)„H, w here n = 10 to 15, have calcu lated  the  n 2n + lv 2 2 8 ’ .

separate contributions made by th e hydrophilic and hydrophobic  

g rou p s. From the large p o sitiv e  AH°m(-W) value obtained for the  

hydrophilic head group th ey  concluded  th a t the hydrophilic  head group  

in th ese  m olecules op p oses m icellization. T he contribution  of AHm(-W) 

value to th e total free en erg y  of m icellization w as found to be more 

s ig n ifican t than th e contribution  made b y  AS (-W ).
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In the cu rrent in v estig a tio n , a system atic stu d y  of the su rface and  

therm odynam ic p ro p erties  of w ell characterized  and pu rified  su rfactan ts  

of stru ctu re  C^2H2g(O C 2H^)x OH, w here x  = 1-8 , is  undertaken  in order  

to  obtain  a broader u n d ersta n d in g  of stru ctu re  to p rop erty  relationship  

of th is  c la ss  of su r fa c ta n ts .

Z w itterionic S u rfactan ts

The use of zw itterion ic su rfactan ts commercially has in creased  

dram atically in recen t y ea rs  (7G) b ecau se of th e ir  unique p ro p ertie s , 

su ch  as com patibility and syn erg ism  w hen u sed  in conjunction with most 

oth er  ty p es  of su r fa c ta n ts . T h is  ty p e  of su rfactan t is  u sed  in tex tile  

p ro cess in g  a id s , cosm etic p ro d u cts , clean ing a g e n ts , and as an tista tic  

a g e n ts . The su lfob eta in es  have been  found to be v e r y  good lime soap  

d isp ersa n ts  (77) .

In sp ite  of th is  w ide ap p licab ility , a su r v e y  of the litera tu re  revea ls  

th a t, compared to ionic and ' nonionic su r fa c ta n ts , th ere  have been  

re la tiv e ly  few  in v estig a tio n s  of th eir  su rface  and thermodynamic 

p ro p er tie s . In vestiga tion  has been  ham pered b y  the nonavailab ility  of 

p u re  com pounds and prop er analytical tech n iq u es  to determ ine th eir  

concentration  in so lu tion .
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T he miceUar p rop erties of a ser ie s  of 2-trimethylammonium alkanoates

were stu d ied  b y  T ori (78 to 8 2 ), and N -a lk y l-N ,N -d im eth y lg ly c in es  were

stud ied  by B eck ett and Woodward (83) and T ori (8 1 ) . From stu d ies  of

the tem perature d ependence of the cmc, T ori e t al were able to

calcu late AH0 . v a lu e s . Herrmann (84) stu d ied  C ,, ,,C ,„  and C , .  N- mic v ' 10’ 12 16
+

alk y lsu lfob eta in es of the ty p e , R -N (C H 3 ) 2CH2CH2 SC>3 w ith regard  to 

the e ffe c ts  on the cmc of chain length  and ionic s tr e n g th  variation . He 

calcu lated  th e standard  free  en erg y  contribution  to m icellization of a 

m ethylene group to be 0 .6 1  Kcal mol \  and th ereb y  concluded  that the 

in tern a l s tru ctu re  of the m icelles of th ese  zw itterion ics is  similar to that 

of all o ther ionic and nonionic su rfactan ts stu d ied . Thermodynamic 

param eters of m icellization have also b een  in v estig a ted  b y  M olyneux 

(8 5 ), and Sw arbrick  (86 ) .  T h ey  w ere able to  estim ate the standard  

free  en erg y  contribution  to  m icellization of the head  group of N -a lk y l 

and C -a lk y lb eta in es to be +3.3 and +2.7 Kcal mol \  r e sp e c tiv e ly .  

M olyneux e t  al (85) found th e plot of log cmc v s  1 /T  for d od ecy l N- 

m ethylbeta ines to be linear, w hereas Sw arbrick e t  al (86 ) ob served  a 

minimum in th e  cu rv e  for th e corresp on d in g  d ecy l and u n d ecy l b eta in es . 

From th ese  data, th ese  w orkers w ere able to estim ate the standard  

en th a lp ies and en trop ies of m icellization and to  compare th ese  r e su lts  

w ith other n on electro ly te  am phophiles.
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In contrast to th is , th ere  is little  inform ation available (8 7 ), on the 

therm odynam ics of adsorption  of a lky lbeta ines and no data on the  

therm odynam ic param eters of adsorption  or m icellization for  

su lfob eta in es.

In the p resen t w ork, we have sy n th es ised  two b eta in es and three  

su lfob eta in es in v e r y  pure form and have determ ined th eir  su rface and  

thermodynamic p ro p erties  of m icellization and ad sorp tion . From th ese  

data on the two c la sse s  of zw itterion ics, en e r g e tic s  of m icellization and  

adsorption  of th e  h ydrophilic  head groups have been  estim ated and  

compared to th ose  of o ther ty p es  of zw itterion ic and nonionic 

su r fa c ta n ts .

C ationic S u rfactants

Cationic su rfactan ts f ir s t  became im portant w hen the commercial 

p oten tia l of th eir  bacteriosta tic  p rop erties was recogn ized  (88) .  T oday, 

cation ic su rfa ce-a ctiv e  a g en ts  w ith  antibacteria l p rop erties  continue to 

p lay  an im portant role as san itiz ing  and an tisep tic  a g en ts , as 

com ponents in cosm etic form ulations, as tex tile  so ftn e r s , corrosion  

in h ib itors, form d e p r e sse n ts , flotation chem icals, and asphalt and  

petroleum  a d d itiv es .
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From a th eoretica l v iew poin t, th ese  cationic su rfactan ts are of 

con sid erab le  in tere st to resea r ch ers  as th ey  rep re se n t ex ce llen t models 

for s tu d ies  on the e f fe c t  of h yd rop h ilic  - head grou p s on su rface and  

m icellar p ro p ertie s . S tu d ies of th e p h y sica l p rop erties  of micellar 

so lu tion s o f su r fa ce -a c tiv e  a g en ts  have in d icated  th a t the counterion  

in flu en ces  the m icellar p ro p ertie s  (89 to  9 2 ) . S u b seq u en t s tu d ies  by  

A nacker (93) and Tamaki (94) on a v a r ie ty  of u n iva len t counterions  

in d ica ted  th e d ep en d en ce of th e m icellar p rop ertie s  on the hydration  

s ize  of th e h yd rated  cou n ter io n s. Micellar charge determ ination from  

l ig h t  sca tter in g  data for dodecylpyrid in ium  ch loride show ed the ion- 

b in d in g  ab ility  to d ecrease  in the ord er I >Br >C1 (9 0 ) .

On th e  other h an d , th ere have b een  v e r y  few  s tu d ies  of the

therm odynam ic param eters of adsorption  or m icellization  of th ese  cationic

su r fa c ta n ts . Increm ents of AG° . a ttr ib u ted  to m ethyl and m ethylenemic

g ro u p s , as well as polar g ro u p s, have been  rep orted  (9 4 ,9 5 ) , but not

the va lu es of AH0 . and AS° . . T h ere fo re , for an exp lic itmic mic

u n d ersta n d in g  of the therm odynam ic of ad sorp tion  and m icellization of 

th e se  su r fa ce -a c tiv e  a g e n ts , and to compare the co u n ter-ion  e ffec t , 

therm odynam ic param eters of dodecylpyrid in ium  chloride and bromide 

w ere in v estig a ted  at th ree  d ifferen t tem peratures and at th ree  d ifferen t  

ion ic s tr e n g th s .
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Anionic Surfactants

Anionic su rfactan ts rep resen t the la r g e st  sin g le  charge typ e  of the  

su rfactan t m arket. Among anionic su r fa c ta n ts , linear

a lk y lb en zen esu lfon ates, alpha olefin  su lfo n a tes, su lfa ted  a lcohols, and  

su lfa ted  eth er  alcohols are the most w idely  u sed . As a r e su lt  of their  

e x te n s iv e  u tility  in in d u str y , th e ir  physicochem ical p rop erties  have been  

stu d ied  more than any oth er c la ss  of su r fa c ta n ts .

In recen t y ea rs , su lfa ted  e th er  alcohols (p o ly o x y eth y len eg ly co l n -  

alkyl e th ers) have become in crea sin g ly  im portant in d u str ia lly  due to 

their  h igh  w ater so lu b ility , h igh  d e terg e n c y , and lime soap d isp ers in g  

ab ility , when compared to linear a lk y l su lfa tes  (2 ) .

From the few  in v estig a tio n s  (96 to 99) on th is  c la ss  of com pounds,

it appears that the o x y eth y len e  groups in th e se  com pounds have unique

p ro p ertie s. Early in v estig a tio n s  have shown (96) the sodium sa lts  of

su lfa ted  e th en oxy la ted  tallow alcohols w ith  low o x y eth y len e  conten t to be

v e r y  much more w ater solub le than the correspon d in g  alcohol su lfa te s .

S u bseq u en t w ork by Weil e t  al (97) on sodium h ex a d ecy l su lfa te s ,

C1cH ir7(OC„H.) OSO„Na, w here n = 1 ,2  and 4 (sy n th e s ise d  b y  reactin g  lb  1 / 2 4 n  o

the a lk y l halide w ith th e corresp on d in g  o x y eth y len eg ly co l) show ed the  

cmc to  d ecrease  w ith in crease  in e th en o x y  con ten t. S ince nonionic

su rfa cta n ts  are known to have low cm cs, th ey  in terp reted  the above
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d ecrease  in cmc as in crease  in the nonionic character of the su lfated  

p olyoxyeth y len a ted  alcohols.

Tokiwa e t  al (9 8 ) , from in v estig a tio n s  done on a ser ie s  of 

com pounds, CnH2n+^(OC2H^)OSOgNa, w here n = 1 to 10 (average

eth en o x y  c o n te n t) , have estim ated  the m icellar hydration  and  

aggrega tion  num bers. For the f ir s t  two members in  th e ser ie s  the 

a g g rega tion  num ber and the h yd ration  num bers w ere found to be v ery  

similar to those of sodium d od ecy l su lfa te . In crease in the  

p o ly o x y eth y len e  chain beyond  n = 2 in creased  the hydration  number and  

d ecreased  the micellar aggregation  num bers.

T h ese  stu d ies  ind icate th e d ep en d en ce of m icellar and hydration  

p ro p erties  on the o x y eth y len e  chain of th ese  com pounds, as found for  

nonionic p o lyoxeth y lenated  a lcoh o ls. T he o x y eth y len e  u n its  in the  

nonionic p o lyoxyeth y len a ted  alcohols are known to in crease  the water 

so lu b ility  of the m olecule and th is  is  exp la ined  in term s of th e hydrogen

bonding of the nucleophilic  e th er  o x y g en s  to the w ater m olecules.

A lso , the in crease in o x y eth y len e  con ten t d ecrea ses  the ten d en cy  in  

th ese  m olecules to form ing m icelles (7 2 ,7 5 ,9 9 ) . The d ecrease  in cmc of 

the e th en oxy la ted  alcohol su lfa te s , on one hand, and th eir  in crease  in

so lu b ility , on the o th er , w ith  in crease  in the le n g th  of the

p o lyo x y eth y len e  chain in th ese  com pounds remain to  be u n derstood . No
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stu d ies have been done on the en erg e tic s  of adsorption and m icellization  

of th ese  com pounds.

In view  of the lack  of u n d erstan d in g  o f the mechanism of adsorption  

and m icellization of th ese  su lfa ted  eth en oxy la ted  alcohols, two ser ie s  of 

com pounds, C ^ H ^ O C ^ H ^ ) .OSC^Na, w here i  = 1 and 2 and  

C'n^2n + l^ C '2**4 î!SC>3^ a , .w here i = 0 or 1 , and n = 10 and 12 were  

in v estig a ted . The re su lts  o f th ese  s tu d ies  are compared to  those on 

the correspon d in g  nonionic p o lyoxyeth y len ated  alcohols and a mechanism  

is  su g g e ste d  to  explain  the b eh avior of th e  o x yeth y len e  groups in th ese  

ionic su r fa c ta n ts .



Chapter II 

Experimental

2 .1  M aterials

Sodium d ecy l ( ^ qS) ' d od ecy l su lfon ate ( C ^ S ) ,  and dodecyl

su lfa te  (C ^ S O ), w ere p urchased  (R esearch  P lu s, B ayonne, N .J . ,  >98%

p u r ity ) , 2 -D o d ecy lo x y p o ly (e th en o x y eth a n o l)s , C H (OC„H ) OH,
l Z  ctO Z  4  X

(EOX) w here x  = 1-8  w ere p u rch ased  from (N ikko Chemical C o ., T okyo,

Japan. > 98%). T h ese  com pounds w ere fu r th er  pu rified  b y  rep eated ly  

p a ssin g  th eir  aqueous solu tions throu gh  octad ecy lsilan ized  columns (70) 

prior to been u sed  for  su rface ten sion  m easurem ents.

N -m ethylbenzylam ine (98% p u r ity ) , ch loroacetic acid  (Eastman, 

practica l g ra d e ), 2 -ch loroethan esu lfon ic acid , sodium  sa lt m onohydrate, 

(A ld rich , 98%, d eh yd rated  to constant w eigh t in an oven  at 110°C prior 

to  been  u s e d ) ,  sodium iseth ion ate (GAF C orporation), chlorosulfonic

acid  (M atheson Coleman and B e ll) , p yrid in e (B ak er, A nalysed  R eagent, 

dried  over  KOH), 1-ch lorododecane (Fluka AG, >99% p u r ity ) ,

1-brom ooctane, (A ldrich , 99% p u r ity ) , 1-brom ododecane (Fluka,

purissim a grade >99% p u r ity ) , 1-brom odecane (Eastm an, >99% p u r ity ) .

- 51 -
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w ere u sed  as rece iv ed , ex cep t w here in d icated . Sodium chloroacetate  

was prepared  from chloroacetic acid by adding 4 g (0 .1  moles) of 

NaOH, d isso lved  in  95% ethanol, to 9 .5  g of (0 .1  m oles), of chloroacetic  

a cid . Sodium chloride (F ish er , C ert. A C S), and sodium bromide 

(B a k er , analysed  r e a g e n t) , w ere baked for sev era l h ours in a porcelain  

ca ssero le  at red h eat. A nhydrous sodium carbonate (F ish er , C ert. 

A C S ), sodium su lfa te , an hydrous (B ak er, an a lysed  r e a g e n t) , sodium  

h y d ro x id e  (J .T . B a k er), potassium  carbonate (B ak er, A nalysed  

r e a g e n t) ,  activated  carbon, (Darco G -60, ICI A m ericas), and methanol 

(rea g e n t grade) w ere u sed  w ithout fu rth er  p u rification .

Micro an a lyses w ere done by Mic Anal m icroanalytical laboratory, 

T u sco n , Arizona.

S p ectra

NMR spectra w ere determ ined on a Varian A ssocia tes model T -60  

sp ectrom eter. All chem ical sh ifts  are g iven  in  term s of 6 sca le relative  

to tetram eth ylsilan e. IR sp ectra  were obtained  w ith Perkin-Elm er model 

267 spectrophotom eter. T he molar a b so rp tiv itie s  w ere made eith er  with  

a Beckm an DU (G ilford m odified) or Cary 17 Spectrophotom eter.



Computations

C alculations w ere carried  out on an IBM 360-50 com puter and PL/C  

com piler.

2 .2  S y n th esis

2 .2 .1  Preparation  of sodium  2 -a lk o x y eth a n esu lfo n a tes ,

C H„ ..0C.oH .SO ~Na+ n 2n+l 2 4 3

T hese sy n th e se s  w ere based  on the Williamson sy n th es is  

The sy n th etic  schem es are as follows:

CH3O H + N a(m eta l) > CH30 _N a+

CH30 _Na+ + H0-CH2CH2S 0 3Na+  > NaOCH2CH2S 0 3Na+

NaOCH2CH2SO’ N a+ + R B r  >R.-OCH2CH2SO~Na+

^  = n - C10H21 ° r  n - C 12H25>

2 .2 .1 .1  Sodium 2 - d e c y lo x y e th y le n e su lfo n a te .

C10H2 1 ° C2H4S° 3 Na+( C10EOS>

Sodium m ethoxide (0 .1 1  m oles) was p rep ared  b y  accu rate ly  w eigh ing  

out 2 .51  g  (0 .1 1  M), of fr e sh ly  cut sodium  m etal, d iv id ing  it  into small 

p iec es , and d isso lv in g  it in  50 ml of m ethanol in a 250 ml, th r e e ­

n eck ed , round-bottom  fla sk  p rev io u sly  cooled  in  a ice b ath . A fter  all
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the sodium metal had reacted , the e x c e ss  of methanol was rem oved by  

rotary  evaporator and the product was d isso lv ed  in 250 ml of dim ethyl- 

su lfo x id e . T he flask  was assem bled  w ith a m agnetic s t ir r e r , dropping  

fu n n el and a re flu x in g  con d en ser p ro tected  b y  a calcium chloride tu b e, 

and w as heated  b y  a h eatin g  mantle to 80 to 90°C for a period of two 

h ou rs, as th e sodium m ethoxide show ed a lim ited so lu b ility  in  m ethanol. 

T he final solu tion  appeared  cloud y. Sodium salt of iseth ion ic  acid  

(G A F), 17 .7  g (0 .1 2  m o les), d isso lv ed  in 100 ml of DMSO at 9 0 °C, was 

added from the dropping funnel o v er  a period of half an h ou r. Some 

solid  m atter p recip ita ted  out and an additional 100 ml of DMSO was 

added to the reaction  m ixture. T he reaction  m ixture w as d istilled  (30 

t o r r ) , b y  ro tary  evap orater  and approxim ately 40 ml o f so lu tion  was 

rem oved. T h is  p rocedure was to rem ove the m ethanol formed in the  

reaction .

The th ree -n eck ed  fla sk  (eq u ip p ed  w ith  m agnetic s t ir r e r , dropping  

fu n n e l, and con d en ser  p rotected  b y  calcium  chloride tu b e) w ith the  

reactan ts w as heated  to 85° to 90°C , u s in g  a h eatin g  mantle. 

Brom odecane (2 6 .2  g , 0 .1 2  m oles), was added  from the drop p in g  funnel 

at th e slow est p ossib le  dropping ra te . A drop p in g  time o f 4 to 5 hours  

w as req u ired . Upon addition  of th e  brom odecane the so lu tion  c leared . 

A fter  add ition  of the brom odecane was com pleted, th e  m ixture was 

st irre d  and heated  at 80°C o v ern ig h t. T he so lu tion  w as found  to be
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n eu tra l by te s tin g  w ith ind icater paper. T he solution  was then  cooled  

for two h ours in an ice -w a ter  bath  and filtered . The resid u e was

w ashed  w ith 40 ml of n -b u tan o l. A yellow  solid  was obtained .

The filtra te  was p laced  in a o n e-litre  fla sk  and con cen trated  to one

th ird  th e  volume by vacuum  d istilla tion  (75°C , 20 t o r r ) . Solid

appeared  on cooling and w as f iltered . T he two b atch es of insoluble  

p roduct w ere com bined. Y ield of crude p rod u ct, 15 .6  gm s. (49% of the  

th eoretica l y ie ld ) .

The dried  yellow  solid  was d isso lv ed  in 250 ml of n -b u tan o l and the  

solu tion  was filtered  while hot to rem ove a small amount of insoluble  

m atter. The solu tion  was allowed to cool for two hours at room 

tem perature, th en  in an ice-w ater  b a th , and filtered . T he resid u e  was 

w ashed  w ith 50 ml of cold n -b u tan o l; a pale yellow  cry sta llin e  product 

w as ob ta ined , 10.5 g (33% of the th eoretica l y ie ld ) .

The filtra te  from the above w as concentrated  to 100 ml and the  

solu tion  was cooled in ice . The p recip ita ted  solid  was filtered  and  

w ashed w ith 50 ml of cold n -b u tan o l and combined w ith  the r e s t  of the  

so lid . T he fain t yellow  crysta llin e  product w as tw ice recry sta llized  from  

a 100 ml portions of n -b u ta n o l, and th en , tw ice from 50 ml portions of a 

m ixture of isopropanol and n -b u tan o l (2 :1 ) ,  and fin a lly  from 30-ml of 

q u a r tz -d is t illed  w ater.
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Yield of the p u re , w hite product w as 5 .5  g (17.5% y ie ld ) . The 

p u rity  was shown to be 99.0% by two p hase titration  o f the product

w ith Hyamine 1622, u s in g  m ixed indicator (100).

2.2 .1 .2  Sodium 2-dodecyloxyethylenesulfonate.

C12H2 5 ° C2H4S° 3 Na+' (C 12E 0S)

T he procedure u sed  was b asica lly  th e same as for the p rev ious  

com pound. H ow ever, s lig h t m odifications w ere made to  tr y  to im prove 

the y ie ld .

Metallic sodium (2 .9  g , 0 .1 3  m oles) w as p laced in a fla sk  w ith  60 ml 

of cold reagen t m ethanol. T he m ethanol w as su b seq u en tly  rem oved b y  

red u ced  p r essu r e  evaporation  and d ry  sodium m ethoxide obtained . 

The solid  sodium m ethoxide was d isso lv ed  in 200 ml DMSO. One 

objective in th is sy n th e s is  was to use as little  DMSO as p ossib le , so

that product m ight p rec ip ita te . Sodium sa lt of iseth ion ic  acid  17 .8  g

(0 .12  m oles), was d isso lv ed  in 80 ml of DMSO, at 90°C , the solution

was filtered  by g ra v ity  and added to the sodium m ethoxide solution  in  

DMSO. T he reaction  m ixture was d istilled  (25 torr) u s in g  a rotary  

evaporator and approxim ately 45 ml of solution  w as rem oved. The  

rem aining solu tion  w as p laced in a 3 -n eck ed , 500-ml round-bottom  fla sk  

equipped  w ith  a co n d en ser , CaCl  ̂ d ry in g  tu b e , therm om eter and  

dropping fu n n e l. D odecylbrom ide (Tridom , purissim a grad e, >99%),
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32 .4  g (0 .13  m oles), was w eighed  d irectly  into the dropping fu n nel. 

The halide was dropped  into the reaction  m ixture over a period  of 2 

h ou rs, and the reaction  fla sk  allowed to proceed  o v ern ig h t. The  

reaction  m ixture was yellow  brown and th ere was an abundance of a 

yellow ish , gelatinous m aterial.

T he reaction  m ixture was cooled  in an ice-w ater bath and filtered

to y ie ld  a brown so lid . Evaporation of the filtrate to half its  orig in a l

volum e, followed by cooling in an ice-w ater bath  and rem oval of the

p recip ita te b y  filtra tio n , gave a total of 20 g (53% of th e th eo re tica l) .

The product was rec ry sta llised  tw ice from 60-ml portions of n -b u tan o l.

The w hite crysta llin e  p rod u ct, C, „H„cOC0H .S 0 oNa, was d isso lv ed  in12 2o 2 4 3
quartz d istilled  w ater (8 gms in 200 ml of w a ter ), and filtered  hot. 

The filtra te  was allowed to cool, f iltered , and the resid u e  w as w ashed  

w ith 50 ml of ic e -co ld  w ater. T h is procedure was rep eated  tw ice and  

y ie ld ed  a w hite cry sta llin e  p rod u ct, 7 .2  g , (23% of the th eo re tica l) .

P urity  was shown to be 99.5%, b y  tw o-p h ase titration  w ith Hyamine 

1622, u s in g  m ixed ind icator ( 100) .
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2 .2 .2  Preparation of sodium d od ecy lo x y eth y len e  su lfa te s .

2 .2 .2 .1  Sodium dodecylm onooxyethylene su lfa te .

C12H2 5 ° C2H4S° 4 Na+ ( C12E 0 S ° )

M onoethyleneglycol d od ecy l e th er  (N ikko Chemical C o ., T okyo, 

Jap an . >99%), 11 g (0 .0 5  m o les), w as added to 100 ml of chloroform

(d ried  over calcium ch lo r id e ), in a 250 ml, th ree -n eck ed , round-bottom  

fla sk  equ ipped  w ith a m agnetic s t ir r e r , a dropping fu n n e l, a 

therm om eter and a reflu x  con d n eser  p ro tected  b y  a calcium chloride  

d ry in g  tu b e , and cooled b y  an ice -w a ter  bath  to 8°C .

F resh ly  d istilled  ch lorosu lfon ic acid , 6 .9  g (0 .06  m oles), was added  

from the dropping funnel at th e slow est p ossib le  dropping rate and the  

tem perature of the reaction  m ixture w as m aintained below 10°C.

A fter the addition of the ch lorosu lfon ic acid was com plete (two  

h o u r s) , the m ixture was s tirre d  for an hour at room tem perature. 

D uring th is  time n itrogen  was p a ssed  in to remove h yd rogen  chloride  

formed during the reaction . T he reaction  m ixture was neutra lized  w ith  

4 g (0 .1  m oles), of sodium h yd rox id e  d isso lv ed  in 40 ml of ethanol. 

The chloroform  was rem oved at red u ced  p ressu r e  by u sin g  a rotary  

evaporator, 100 ml of abso lu te ethanol was added , and the reaction  

m ixture was heated  to 60°C and filtered  hot to  remove in solub le m atter.



59

The filtra te  was cooled to room tem perature, then  in an ice-w ater  bath , 

and filtered .

C rystallization  of the resid u e  four tim es from 40-m l portions of

2-propanol gave 4 .2 g  (25% of th e th e o r e tic a l) , of w h ite , crysta llin e

p rod u ct, a fter  d ry in g  to con stan t w eight in a d essica tor  over  

p h osp h oru s p en tox id e.

2 .2 .2 .2  Sodium d od ecy l d ie th o x y eth y len e  su lfa te

C12H2 5 (OC2H4 ) 2S° I Na' '  <C12E0 2S°>

T he apparatus and the procedure u sed  was the same as for the  

p rev iou s com pound. To 9 g (0 .0 2  m oles) of d ieth y len e g lyco l dod ecy l 

e th er  in 100 ml of dry  chloroform  at 8°C , 3 .5  g  ( .0 3  m oles) of fr e sh ly  

d istilled  ch lorosulfon ic acid  was added from a dropp ing fu n n e l, w ith

con stant s t irr in g . A fter th e addition  of all th e ch lorosu lfon ic acid , the

reaction  m ixture was allowed to warm up to room tem perature and

stirred  for  two h ou rs.

A fter neutralization  of th e reaction  m ixture, 100 ml of ethanol was 

added . T he solu tion  rem ained cloudy on warming and was d ifficu lt  to 

f ilter  due to th e  d isp ersion  of th e  sodium ch loride and sodium su lfa te  in 

th e so lu tion .



GO

T he ethanol was rem oved and the product was red isso lv ed  in 75 ml 

o£ n -p ro p y l alcohol and cen tr ifu g e d  at 40°C . T he clear su pern atan t  

was con cen trated  under red u ced  p r e ssu r e , u s in g  a rotary  evap orator. 

T he resid u e was d isso lv ed  in isop rop y l alcohol and gave a clear solu tion  

on warm ing. Upon cooling in an ice-w ater  bath , the solution  y ie ld ed  a

w hite product w hich w as rec y sta lliz ed  four tim es from 50 ml portion s of

2-propanol. A fter b e in g  dried  o v ern igh t in a d essica to r  with

p hosphorus p en tox id e , th e prod u ct w eighed  1 .8  g (24% of the  

th eo re tica l) . P urity  was 99.0%, as determ ined by tw o-ph ase titration  

w ith  Hyamine 1622 u s in g  m ixed indicator (1 0 0 ).

2 .2 .3  Preparation of N -a lk y l, N -b e n z y l, N - m eth y lg ly c in es ,
+

CnH2 n * lN <CH2C6H5 )(C H 3)CH2C 0 0 ’

Two hom ologues, in w hich n = 10 (C^BM G ) and 12 (C ^ B M G ), were

sy n th e s iz e d . The sy n th etic  schem es are as follow s:

C6H5CH2NH(CH3) + CICH2COO‘ N a+ - - ->  CgH5CH2N (CH 3 )CH2COO"Na+

+

CgH5CH2N(CH3 )CH2COO'Na+ + RBr - - ->  C g H g C H ^ C H g ) (R )CH 2COO~ 

(w here E  = n -C 1QH21 or  C12H25) .
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2 .2 .3 .1  N -dod ecy l N -b en zy l N -m ethyg lycin e  

C12H25N ( CH2C6H5 ^ CH3 ) CH2COO" ^ C12BM a)

N -m ethylbenzylam ine, 36 g (0 .3  m oles), in 100 ml of 95% ethanol in a 

500 ml, th ree -n eck ed , round-bottom  flask  equ ipped  w ith m agnetic m ixing  

s t ir r e r , a dropping fu n n el and a re flu x  con d en ser , was heated  b y  an 

h eatin g  mantle to  re flu x  tem perature. Sodium ch loroacetate, 11.6 (0 .1  

m oles), partia lly  d isso lved  in 100 ml of 95% eth an ol, was added from the 

dropping funnel overn igh t to the reaction  fla sk  m aintained at 60°C.

To the resu ltin g  solution  was added 100 ml of w ater and Na^CO^ 

(0 .5  m oles), and the m ixture was steam  d istilled  to remove the e x c e ss  

N -m ethylbenzylam ine. A fter 4 h o u rs, th e  d istilla te  w as found to be 

n eu tra l to litm us. T he w ater was rem oved u n der reduced  p ressu r e , 

u sin g  a rotary  evaporater and the crude res id u e  was d isso lved  in 200 

ml absolu te ethanol and filtered  hot to rem ove the sodium chloride. 

Ethanol w as rem oved from th e  filtra te  b y  d istilla tion  under reduced  

p ressu r e  and the product was recry sta llized  from 100 ml isopropyl 

alcohol. The y ie ld  of the ter tia ry  amine, CgH ^N^H ^CH ^CO O  Na+, 15 

g (70% of the th e o r e tic a l) .

T he tertia ry  amine, 1 5 .0  g (0 .0 7  m ole), th u s obtained , was 

d isso lv ed  in 200 ml of ab so lu te  ethanol and w as re lu x ed  for two days  

w ith  f iv e  molar p ercen t e x c e s s  of the brom ododecane (Hum phrey
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Chemical, North H aven, C o n n ., 97%). Solven t was rem oved by rotary  

evaporator and the resid u e  was d isso lv ed  in  100 ml of 10 per cent 

aqueous sodium carbonate solution  and ex tra c te d  th ree  tim es w ith 50-ml 

portions of h exan e to rem ove any u n reacted  brom ododecane. The 

p rod u ct, the N -a lk y l,N -b e n z y l,N -m e th y lg ly c in e , w as ex tra c ted  into 75 

ml of chloroform  from the aqueous la y er . So lven t was str ip p ed  o ff to  

obtain  22 g (80% of the th eoretica l) of a v isco u s  p rod u ct. T he w ell- 

dried  product was recry sta llized  th rice  from 25-ml p ortion s of carbon  

tetrach lorid e and tw ice from 30-ml portions of T H F /C H C lg (6 0 :4 0 v /v ), 

m ixture to y ie ld  15 g (50% of the th eoretica l) of w h ite , crysta llin e  

p rod u ct.

IB. ( C C 1 J ; V  = 1575 cm"1 4 ’ c =o

H1NMR (CC14 ) ;7 .4 5  ( 5 H , s ) ,  4 .9 (2 H ,d ) ,  3 .6 (2 H ,s ) ,  3 .4 -3 .0 (5 H ,m )

2-0  - 1 .0 (2 0 H ,m ), 0 .8 (3 H ,t )
+

Calc, for C12H25N(CH 2C6H5 )(C H 3 )CH2COO" :

C ,7 5 .1 9 ;H . 1 0 .4 1 ;N ,4 .3 8 ;  Found: C .7 4 .4 8 ; H, 1 0 .8 2 ;N ,4 .3 2 ;

T he molar ab so rp tiv ity  of the compound is  lis te d  in T able I.
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2 .2 .3 .2  N - d e c y l, N - ben  z y l , N - me th y lg ly  c in e .
+

C10H21N <CH2C6H5> (CH3 )CH2COC>- (C^BM G)

T he w ell dried  ter tia ry  am ine, 10 g (0 .0 5  m oles), (obtained  from the  

p roced u re d escr ib ed  above for C BMG), was d isso lved  in 125 ml of hot 

ethanol and reflu x ed  w ith  5 molar p ercen t e x c e ss  of the bromodecane 

(Hum phrey Chemical, N orth H aven, C on n ., 97%,) for 24 h ou rs. The 

so lv en t was str ip p ed  o ff, and th e resid u e was d isso lv ed  in 100 ml of 10% 

aqueous sodium carbonate solution  and ex tra c ted  four tim es w ith  50 ml 

portions of h exan e. T he product was n ex t ex tra c ted  into 75 ml of 

chloroform  from the aqueous la y er . Removal of the so lven t gave of 

v isco u s  p rod u ct, 14 g (82% of th e th eoretica l) .

T he w ell dried  product was recry sta llized  tw ice from 50-ml portions  

of carbon tetrach loride and tw ice from 40 ml portions of a m ixture  

(6 0 :4 0 v /v )  of THF/CHC1 to obtain  a w hite , crysta llin e  p rod u ct, 9 g 

(53% of the th eo retica l).

IR(CC1 -V  = 1575 cm"1 4 c=o

H1NMR (CC14 );  7 .4 (5 H ,s ) ,  4 .9 (2 H ,d ) ,  3 .5 5 (2 H ,s )  3 .3 -2 .9 (5 H ,m ) ,

2 .0 - 1 .0 (1 6 H ,m ), 0 . 8 5 (3 H ,t ) .

Anal Calc: C ,7 6 .0 3 ;H ,1 0 .7 3 ;N ,4 .0 3  Found: C ,7 5 .7 0 ;H , 1 0 .7 6 ;N ,3 .9 2
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2 .2 .4  Preparation of N -a lk y l,N -b en zy l,N -m eth y lta u r in es .

Cn H2n+l N+( CH2C6H5 ^ CH3 )CH2CH2S° 3

T hree hom ologues, in which n = 8 (C 0BMT), 10 (C ir.BMT), and 12o 1U

(C ^ B M T ), w ere sy n th es ised  by a p rocedure similar to that for the N- 

a lk y lb eta in es

2 .2 .4 .1  N - d ecy l, N - ben  zy l,N -m eth y l taurine

C10H2 i N+( CH2C6H5 ) (C H3 ) CH2CH2S 0 3' (C ^ B M T ).

N -m ethylbenzylam ine, 30 g (0 .15  m o les), in 100 ml of 95% methanol 

in a 500 ml, th ree -n eck ed  fla sk  equ ipped  w ith  a re flu x  con d en ser  and  

dropping fu n n e l, was heated  to 50°C.

Sodium salt of ch loroethanesu lfon ic acid , 8 .32  g (0 .05  m oles), 

d isso lved  in 100 ml of 75% m ethanol, was added from the dropping  

funnel over  a period of 6 h ou rs, and the reaction  was allowed to 

proceed  for two days at reflu x  tem perature.

S olven t w as evaporated  and the resid u e  was d isso lv ed  in  100 ml of 

solution con ta in in g  1 0 .6 g (0 .1  m oles), of sodium carbonate. T he m ixture  

was steam  d istilled  to remove e x c e ss  N -m ethylbenzylam ine. The w ater  

w as rem oved b y  rotary evaporator from th e res id u e  and th e  th e crude  

ter tia ry  amine and sa lts  w ere added to 200 ml of hot ab so lu te ethanol,



65

the m ixture was stirred  for 5 m inutes, and filtered . The ethanol was 

rem oved from the filtra te  b y  vacuum  d istillation  (5 torr  ) ,  at room 

tem perature, y ie ld ing 10 .5  o f yellow  pow der. The powder was d isso lved  

in 100 ml of hot m ethanol, d eco lorised  tw iced w ith  N orite, and the  

solution  was filtered . T he m ethanol w as rem oved from the filtra te  by  

distilla tion  under red u ced  p r essu r e  (5 torr) at room tem perature and  

the product C6H5N(CH3 )CH 2CH2SC>3 ‘N a+, 9 .0 g  (72% of th eoretica l)  

was dried  in vacuo at room tem perature over  p hosphorus p en to x id e .

T he well dried  CgH5N (C H 3 )CH2CH2SO‘ Na+, 8 .5  g (0 .0 3  m oles), was 

d isso lv ed  in 150 ml of hot ethanol (a b so lu te ) , and was re flu x ed  with  

five  molar per cent e x c e s s  of brom odecane (Hum phrey Chemical, North  

H aven, C o n n .,97%) for two d a y s . So lven t was rem oved b y  d istillation  

under red u ced  p r e ssu r e , th e resid u e  was d isso lved  in 100 ml of 10% 

aqueous sodium carbonate solu tion  and w as ex tra c ted  w ith four 50-ml 

portions, of hexane to rem ove th e u n reacted  brom odecane. T he product 

was ex tra c ted  into 100 ml o f chloroform  from the aqueous la y e r . The  

so lv en t was removed b y  vacuum  d istilla tion  at room tem perature. The  

cru d e, yellow  product, 4 .2  g (36% of the th eo re tica l) , was dried  in  

vacuo at room tem perature. The p rod u ct was recry sta llized  tw ice from  

w ater and then  dried o v er  ph osp h oru s pentoxide in vacuo at room 

tem perature. T h e y ie ld  of p rod u ct,

C10H21N+(CH2C6H5)(C H 3 )CH2CH2S° 3  WaS 3 0  g  (25% ° f th ® 

th e o r e t ic a l) .
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H1NMR (D 20 ) :  7 . 3 ( 5 H, m) ,  4 . 8 ( 2 H , s ) ,  4 . 1 - 3 . 65(4H,  b r o a d ),

2 . 85 (5H, m) ,  2 . 0 - 1 , 0 ( 1 6 H , m ) , 0 . 8 5 ( 3 H , t ) .

Calc: C , 64.99;  H, 9 .55;  N , 3 . 79 .  Found: C, 65.20;H,  9.92;N, -3.74.

The molar a b so rp tiv ity  of the compound is lis te d  in  Table I.

2 . 2 . 4 . 2  N - d o d ecy l, N- b e n z y l, N -m ethyl ta u r in e .
+

C12H25N ( CH2C6H5 ^ CH3 ) CH2CH2S° 3 '  ( C12BMT>-

The apparatus and the p roced u re u sed  was th e same as for C^^BMT.

The tertia ry  am ine, 13 g  (0 .03  m oles), was d isso lv ed  in hot ethanol

(a b so lu te ), and re flu x e d  w ith  f iv e  molar p ercen t e x c e ss  of the

brom ododecane (H um phrey Chem ical, North H aven, C o n n . , 97%), for two

d a y s . S o lven t w as s tr ip p ed  o ff  at red u ced  p r e ssu r e , u s in g  a rotary

evaporator. T he resid u e  was d isso lv ed  in 100 ml o f sodium carbonate

(0.015 m oles) so lu tion , and ex tra c ted  w ith four 50-ml p ortion s of

h exan e. The p roduct w as ex tra c te d  into 100 ml of chloroform . So lven t

was rem oved and th e crude p roduct was recry sta llized  tw ice from w ater

and tw ice from THF/CHC12 (4 0 :60) m ixture. T he w hite cry sta llin e

product obtained  w as d ried  o v er  phosphorous p en tox id e in vacuo  at

room tem perature: the y ie ld  of p rod u ct,
+

C12H25N (CH 2C6H5)(C H 3)CH2CH2S 0 3 Was 3 ' 4 g - (27% o f th e

th e o r e t ic a l) .
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H1NMR (D 20 ) :  7 . 4 ( 5 H, m) ,  4 . 8 ( 2 H , S ) ,  4 . 2 - 3 . 6(4H,  br o a d) , 2 . 85 (5H, m) ,  

2 - 1 . 0 ( 2 0 H , m ) ,  1 . 85(3H, t)

A nal. Calc: C , 6 6 . 4 5 ; H , 9 . 8 9 ; N , 3 . 5 2 ,  Found: C , 6 6 . 3 1 ; H , 1 0 . 0 1 ; N , 3 . 4 8 ,

The molar a b so rp tiv ity  the compound in aqueous solution  is listed  in 

Table I.

2 . 2 . 4 . 3  N - o c ty l, N -b e n z y l, N - m ethyltaurine
+

C8H17N(CH 2C6H5 )(C H 3)CH2CH2S 0 3' (C8BMT)

T he tertia ry  amine, CgHj-N(CHg)CH^Cl^SOgNa*, 12 g (0.03 moles) 

was d isso lv ed  in 100 ml of hot ethanol (a b so lu te) and reflu x ed  w ith  five  

molar p er  cen t e x c e ss  of brom ooctane (A ld rich , 99%) for two d a y s . 

Solvent w as str ip p ed  off and the crude res id u e  was d isso lv ed  in 100 ml 

of aqueous sodium carbonate (0.015 m oles), and w as ex tra c ted  w ith four  

50 ml portion of h exan e. N ext, th e  crude prod u ct was ex tra c ted  into  

chloroform  from th e aqueous la y er . S o lven t was str ip p ed  off and the  

crude product w as dried  and rec ry sta llized  from THF/CHCl^ (60:40) 

m ixture. The w hite crysta llin e  p rod u ct ob ta in ed  was dried  in vacuo  

o v er  at room tem perature. Yie l d:2 . 5  g (25% of th e th eo re tica l) .
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H1NMR (D 20 ) ;  7 .4 (5 H ,m ), 4 .8 (2 H ,s ) ,  4 .1 -3 .  65 (4H, b.road) , 2 .8 (5 H ,m ),

2 -1 .0 (1 2 H ,m ), 1 .8 (3 H ,t)

The molar a b so rp tiv ity  for th e compound in aqueous solu tion  is  

listed  in Table I.

+

TABLE I: Molar a b so rp tiv itie s  for R-NCCH^C^H,.) (CH„)CH„COO and---------- — Z b o o 2
+

R-N(CH2CgH5) (CH3)CH2CH2S0 3 .

Compd Amax e(dm^mol  ̂ cm  ̂ x  10

c 1qbm g 263 3 .80

C12BMG 263 3 .55

CqBMTo 263 3 .88

c ioBMT 263 3 .8 0

C12BMT 210 121.20

2.2.5 Preparation of N-dodecylpyridinium halides

N -dodecylpyrid in ium  bromide (C ^ N B r ) and N -D odecylpyrid in ium  

chloride (C ^ N C l) w ere prepared  b y  rea c tin g  th e  appropriate

1 -halododecane w ith p y r id in e .
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2 .2 .5 .1  N -dodecylpyrid in ium  brom ide.

(C 12N B r).

1-Brom ododecane (Tridom , purissim a grad e, 99%),31 g (0 .126  M), 

w as reflu x ed  at 115°C w ith 10 g (0 .130  m oles), of p yrid in e (F ish er , 

C ertified  ACS grad e, dried  o v er  KOH), for two d a y s. The e x c e ss  

p yrid in e  was rem oved b y  ro tary  evap orater  under red u ced  p ressu r e . 

T he crude N -dodecylpyrid in ium  bromide was pu rified  b y  recrysta lliza tion  

from 50 ml of aceton e, then  d isso lv ed  in 100 ml of hot m ethanol and  

trea ted  w ith d eco lorizing  carbon (Darco G -60, ICI A m erica). The 

m ethanol was rem oved from the filtra te  and the w hite solid  resid u e was 

recry sta llized  th rice  from 2 -b u tan on e. The w hite, cry sta llin e  product 

was dried  in vacuo over ^ 2^5  room tem perature. Yield: 20 g (50% of 

the th e o r e tic a l) .

The p u rity  of the product was ch eck ed  by 2 -p h ase  d ye tra n sfer  

titration  w ith sodium  dodecanesu lfonate solution  of known concentration , 

u sin g  mixed in d icators (1 0 0 ). A fter  th ree recry sta lliza tio n s  from

2 -b u tan on e, the p u rity  o f the product had reached  a con stan t value of 

99.5%.
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2. 2.5. 2 N-dodecylpyridinium Chloride.

(C 12NC1).

A procedure similar to that u sed  for N -dodecylpyrid in ium  bromide 

was u sed  to prepare th e crude p rod u ct.

The crude N -dodecylpyrid in ium  chloride (15g) was d isso lv ed  in 75 

ml of hot 2-butanone trea ted  w ith decolorizing carbon (Darco G -6 0 ) , 

and th e solution  filtered  h o t. Cooling o f the filtra te  y ie ld ed  a w h ite , 

solid product that w as recry sta llized  again from 2-b u tan on e. A fter  

three cry sta lliza tio n s, the product 12 g  (60% of the th eoretica l) had  

reached  a con stant p u rity  of 100.08%, as determ ined by the tw o-p h ase  

dye tra n sfer  titration .

The molar a b so rp tiv itie s  for the two com pounds, C ^ N B r  and  

C ^ N C l, at A max (2 5 9 .Onm), in aqueous so lu tions contain ing various  

amounts of sodium h a lid es, are lis te d  in Table II.
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TABLE 2: Molar A b sorp tiv ities  of N -D odecylpyrid in ium  Bromide and

Chloride at 259.0  nm

Compound Solven t e (dm^mol *cm ^X10

Cl 2NBr H2° 3 .8 8

C12NBr 0 .1  M NaBr 3 .8 4

C12NBr 0 .5  M NaBr 3 .84

C12NC1 H2° 4 .0 8

C12NC1 0 .1  M NaCl 4 .1 1

C12NC1 0 .5  M NaCl 4 .1 8

2.3 Purification and analysis of surfactants

Su rfactan ts sy n th e s ise d  w ere all p u rified  to >99% p u rity , as 

determ ined b y  analytical tech n iq u es , u s in g  conventional purification  

tech n iq u es . For su rface ten sion  m easurem ents, the aqueous so lu tion s of 

com pounds of th is  p u r ity  w ere prepared  w ith w ater th at had f ir s t  been  

deion ized  and then  d istilled  tw ice , th e  la st time from alkaline potassium  

perm anganate through  a th ree -fo o t h igh  V igreau x  column w ith  quartz  

co n d en ser  and rece iv er . T h ese  so lu tion s w ere rep ea ted ly  p assed
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through colum ns of octad ecy lsilan ized  silica gel, (SEP-Pak Clo

C artridge, Water A ss o c .,  M ilford, M ass), u n til the su rface ten sion  - 

concentration  cu rve  of the m aterial show ed no minima in the v ic in ity  of 

the CMC and , in - add ition , reached  stea d y  va lu es of su rface tension  

w ithin one hour. T hose so lu tion s that req u ired  a time over one hour to  

reach equilibrium  su rface ten sion  value w ere e ith er  d iscard ed  or r e ­

treated  b y  p assage  throu gh  the SEP-PAK colum ns. The concentrations  

of the e fflu en t from th ese  columns w ere determ ined e ith er  b y  u ltrav io let  

absorbance in the case of b eta in es , su lfob eta in es and dodecylpyridin ium  

h alid es, b y  tw o-ph ase titration  of anionic su rfa cta n ts  b y  Hyamine 1622 

with m ixed indicator in th e case of anionic su r fa c ta n ts , and b y  

tensam m etric m ethod, in the case  of p o lyoxyeth y len a ted  a lcohols.

T he sodium  bromide and sodium chloride u sed  to in crease th e ionic  

stren g th  of the so lu tion s w ere analytica l rea g en t grade m aterials w hich  

w ere baked for sev era l h ou rs in a porcelain  cassero le  at red  heat to  

remove tra ces  of organic com pounds. T he su rface  ten sion  of aqueous  

solutions of the baked sa lts  was m easured to en su re  the ab sen ce of 

traces of su r fa ce -a c tiv e  im purities.
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Tensam m etric determ ination of p o lyoxy eth y len a ted  alcohols (101)

D ifferen tia l d ou b le-layer  capacitance v s  potential m easurem ents at 

th e dropping m ercury e lectrod e w as u sed  for the determ ination of 

p o lyoxyeth y len a ted  n -d o d ecy l a lcohols.

S u ffic ien t lithium  chloride was d isso lv ed  in the su rfactan t solution  

(contain ing  2 .20  ppm su rfactan t) to g ive  a 0 .1  - 1 M lithium  chloride  

so lu tion . F ifty  millimeters o f the so lu tion  w as tran sferred  to the  

polarograph ce ll. The drop time of the d rop p in g  m ercury e lectrod e was 

adjusted  to 3 s ,  and the d ifferen tia l capacitance o f th e  d esorption  peak  

was recorded  from -1  to -2 V. The h e ig h t (Ah) in m illim eters, of the  

h ig h est  d esorp tion  peak betw een  --1 and -2V w as m easured . A 

calibration cu rve  of Ah v s .  su rfactan t con cen tration , C, was prepared  

for  so lu tion s of known su rfactan t con cen tration  in the range of 2-20 

ppm. The concentration  of the unknow n solu tion  a fter  purification  was 

determ ined b y  the use of the calibration  cu rv e . A calibration curve  

w as done each day su rfactan t con cen tration s w ere m easured .

Two p h ase titration  of anionic su rfactan t b y  Hyamine 1622 with m ixed  

in d ica to r , ( 100)

T h is procedure for th e a n a lysis  o f ionic su rfactan ts  is  b ased  upon  

th e  so lu b ility  of the d y e s tu ff -sa lt  com plex in  organ ic so lv e n ts , su ch  as
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chloroform . H ere, one ionic typ e  of su rfactan t is  titra ted  aga in st the  

opposite charge ty p e  in the p resen ce  of a m ixed ind icator.

R eagents ;

Cationic titra tin g  solution; 1 .75  - 1 .8 5 g  of Hyamine 1622

(d iisobutylphenoxyethyld im ethylbenzylam m onium ch loride,) was w eighed  

accu rate ly  in to  a 1 - litre  volum etric fla sk , and the solution made to 

mark with d istilled  w ater. T he concentration  of th e solution  was

ch eck ed  b y  u ltrav io let ab sorb ance, u sin g  th e  molar ab so rp tiv ity  of 1.322  

dm^mol  ̂ cm  ̂ X 10  ̂ at A = 247 nm.

Indicator: Dimidium bromide (B u rrou gh s Wellcome C o ., L td ., L ondon),

0 .5 g . ,  was w eigh ed  into a 50 ml beaker. D isu lphine B lue VN (Im perial 

Chemical In d u str ie s , M an ch ester), 0 .2 5  g , was w eighed  into a second  

50-ml b eak er. Hot 10% (vol) ethanol (25ml) was added to each b eak er. 

The so lu tions w ere s t ir r e d , tra n sferred  to  a 250 ml graduated  cy lin d er , 

and d ilu ted  to  th e mark w ith th e same so lv en t.

Acid Indicator: 200 ml of d istilled  w ater w as added to 20 ml of the

above ind icator in  a 500 ml o f graduated  cy lin d er . 20 ml of 2 .5  M

su lfu ric  acid  w as added and d ilu ted  to 500 ml w ith  d istilled  w ater.

To 20 ml o f anionic su rfactan t of unknow n concentration

(approxim ately 0 .002  M) in a 200 ml g la ss -s to p p e r e d  conical f la sk , 15 ml 

of chloroform  and 10 ml of acid indicator was ad d ed . T h is solution  was
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titra ted  a g a in st the cationic solution  until the pink color was d isch arged  

from th e chloroform  la y er . A fter each addition  of titra tin g  solution  the  

m ixture was shaken w ell and then  the la y e rs  allowed to sep arate. At 

th e end p oin t, th e  low er layer has a gray  color w ith  no trace of p ink .

2.4  Surface tension measurement 

( 102)

All su rface  ten sion  m easurem ents w ere made b y  the Wilhelmy vertica l 

plate tech n iq u e , u sin g  a sa n d -b la sted  platinum  p late of approxim ately 5 

cm perim eter. T he p late was calibrated  a g a in st quartz d istilled  w ater  

(sp ec ific  co n d u ctiv ity , 1 .11  mho, at 25 .0 °C ) each  day that a 

m easurem ent was made. The correction  for  d en s itie s  w as ignored  in the  

p resen t work b eca u se , the w eigh t per cen t of su rfactan t in the  

so lu tions n ev er  ex ceed ed  1 %, th erefo re , th e  d en sitie s  are v ir tu a lly  the  

same as th at of q u a rtz -d istilled  w ater.

T he su rface ten sion  apparatus c o n s is ts  of a c ircu lar d ia l-ty p e  

torsion  balance w ith a maximum capacity  of 500 m g, readable to 0 .2  mg. 

One of th e  arms w as tared  to approxim ately balance the platinum  plate  

(and th e cotton  str in g  su pp orting  it) on the o th er  en d  of th e arm. 

T he whole balance r e s t s  on a metal covered  wood platform  over a
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constant tem perature bath . T he platform  can be raised  and low ered  

accu rate ly  b y  a m achine-threaded  hydrau lic d ev ice .

The solution  to be te s te d  w as k ep t in a 200 ml d ish  partially  

immersed in a constant tem perature bath at the d esired  tem perature  

±0.02° C.

The p rocedure for m easuring su rface ten sion  by the Wilhelmey plate  

techn ique was as fo llow s:

1) The tem perature of th e  w ater bath was adjusted  to th e d esired  

tem perature.

2) The 200 ml d ish  contain ing approxim ately 40 ml of the su rfactan t  

solution  was p laced  in the w ater bath and equ librated  to  th e bath  

tem perature.

3) The platinum  plate was r in sed  w ith q u artz-d istilled  w ater, and was 

flamed the ou ter  portion w ith a B unsen  burner flame u n til it w as red ,  

holding the p late vertica lly  b y  a pair of tw eezers.

4) The plate w as su sp en d ed  from the cotton  thread  su sp en d ed  from th e  

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

5) The balance was locked  and low ered slow ly until the low er ed ge of 

the plate alm ost reached  its  image re flec ted  from the su rface  of the  

solu tion . T he p late was ch eck ed  and ad ju sted , if n e cessa ry , to lie  

parallel to  th e surface of th e so lu tion . T he stirrer  of the con stant



77

tem perature bath was sh ut o ff , the balance was unlocked and the

assem bly low ered until the p late was ju st pulled  u nder the su rface of

the so lu tion . T he s tirre r  of the con stant tem perature bath  was turned  

on.

6) The sam ples were aged  at le a st  for 15 m inutes b efore read ings were 

ta k e n .

7) The read in gs w ere taken as follows: T he stirrer  of the con stant

tem perature bath was sh u t off and the p late was resto red  to it 's

orig inal position  in space b y  m oving the arm of the torsion  balance until 

the poin ter reached  the zero p osition . Five su c c e ss iv e  read in gs were 

taken w ithout d etach in g  the p late from the su rface of the so lu tion . The 

plate was immersed again  and le ft  for ten  to fifteen  m inutes b efore th e  

n ex t m easurem ent was made.



Chapter III 

Results and Discussion

3.1 2-Dodecoxypoly(ethenoxy)ethanols

3.1.1 Results

Plots of the su rface  ten sion  (Y) at 10 ,25 , and 40°C of aqueous

solutions of E 0 2 ,E 0 3 ,E 0 4 ,E 0 5 ,E 0 7 , and E 08 v s  the log  of th e ir  bulk

-3phase concentration  in mol dm (log  C) in w ater are shown in F igures  

I to VI.

C ritical m icelle concentrations w ere taken  as the concentrations at

the point of in tersec tio n  of th e two linear portions of the 2f - log  C

p lo ts. T he slope of th e  linear portion of each cu rve  below the CMC

was determ ined b y  the m ethod of lea st mean sq u a res. Maximum su rface

_2
e x c e ss  concentration  (T ) ,  in  mol cm and minimum area per moleculem ax"  ^

- 2
(A . ) ,  in nm , at th e  a q u eo u s/a ir  in terface  were calcu lated  from  mm

equations (18) and (2 4 ), r e sp e c tiv e ly . V alues of CMC, T , A . and
max mm

tt are lis te d  in  Table 3. cmc

- 78 -
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TABLE 3: Surface Properties of Surfactants of Structure 

—12^2 5 (QC?H4-Iy—

Cmctmu - max ** dud ■■ cmc
Compd T (°C) (mol dm" 3 X 10$) (mol cm"* X lQlO) (nm2 X 100) (mNm-1 )

A mln IT,

E02 10

25

40

3.8

3.3

3.3

5.34

4.73

4.72

31.3

35.1

35.2

47.4

45.7

43.6

E03 10

25

40

6.3

5.2

5.6

4.01

3.98

"3.90

39.3

41.8

42.5

45.4

44.1

43.1

E04 10

25

40

8 . 2

6.4

5.9

3.96

3.63

3.41

42.0

45.7

48.7

43.9

43.3

42.0

E05 10

25

40

9.0

6.4

5.9

3.42

3.31

3.28

48.6  

50.1

50.6

41.9

41.5

41.2

E07 10

25

40

12.1

8.2

7.3

2.85

2.90

2.77

58.3

57.3  

59.9

38.3

38.3 

38.5

E08 10

25

40

15.6

10.9

9.3

2.56

2.52

2.46

64.9

66 .0

67.4

37.4

37.2

37.3
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TABLE 4: Thermodynamic param eters of m icellization for N onionics 

of stru ctu re

AG° . AH0 . AS0 .mic mic mic
Compd T (°C ) (kJ m ol-1) (kJ mol"1) (kJ m ol'1K '1)

E° 2 10 -2 3 .9

25 -2 5 .6 +4.2 +0 .1 0

40 -2 6 .9

e o 3 10 - 2 2 .8

25 -2 4 .4 +5.9 +0 .1 0

40 -2 5 .8

e o 4 10 - 22 .1

25 -2 3 .9 +8 .8 +0 .1 1

40 -2 5 .4

EOr-o 10 -2 1 .9

25 -2 3 .9 +9.9 +0 .1 1

40 -2 5 .3

EO? 10 - 21 .2

25 -2 3 .3 + 12 .5 +0 .1 2

40 -2 5 .3

EOS 10 - 20 .6

25 - 22 .6 +13.2 +0 .12

40 -2 4 .2
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TABLE 5: Therm odynam ic Param eters of adsorption  for N onionics 

of S tructure

AG° . AH° , AS° ,ad ad ad
Compd T (°C ) (kJ m ol-1) (kJ mol"1) (kJ m o l^ K '1)

e o 2 10 -3 2 .8

25 -3 5 .2 -1 .4 +0.11

40 -3 6 .2

E° 3 10 -3 3 .5

25 -3 5 .5 -0 .3 +0.11

40 -3 6 .8

e o 4 10 -3 3 .3

25 -3 5 .9 +0.4 +0.12

40 -3 7 .7

E °5 10 -3 4 .2

25 -3 6 .2 +0 .6 +0.12

40 -3 7 .9

EO? 10 -3 4 .7

25 -3 6 .9 +2.4 +0.13

40 -3 8 .7

E° 8 10 -3 5 .2

25 -3 7 .4 +3.3 +0.13

40 -3 9 .3
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TABLE 6 : S tructura l E ffects on m icellization and adsorption  

for N oninics of stru ctu re  (OC2H4 )x OH

Compd T (°C )

AG° . -AG° . mic ad

(kJ m o l'1)

AH0 . -AH0 , mic ad
(k J  mol 1)

AS0 . -AS0 . mic ad

(kJ m ol'^K '1)

e o 2 10 +8.9

25 +9.6 +5.6 -3 .9

40 +9.3

e o 3 10 +10.7

25 + 11.1 +6 .2 -4 .8

40 + 11.0

e o 4 10 + 11.2

25 + 12.0 +8.4 . -3 .6

40 +12.3 -

e o 5 10 + 12.3

25 +12.4 +9.3 -3 .0

40 + 12.6

e o 7 10 +13.5 -

25 + 13.6 + 10 .1 -3 .6

40 + 13.9

e o 8 10 +14.6

25 +14.8 +9.0 -5 .0

40 + 15.1
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The AG° . va lues were calcu lated  from equation (5 2 ). T he AG° .mic mic

va lu es calcu lated  in th is manner at each of the three tem peratures were

p lotted  a ga in st the number of o x y eth y len e  u n its in the m olecule and

smooth cu rv es  w ere drawn throu gh  the data p o in ts . From th ese  three

c u r v e s , AS° . and AH° . va lu es at 25°C w ere calcu lated  b y  u se  of mic mic °

equations (47) and (4 8 ), r e sp e c tiv e ly . T h ese  thermodynamic param eters 

of m icellization are listed  in Table 4.

Table (5) lis ts  the standard  free  e n e r g ie s , AG°a^, en th a lp ies AH°a^ 

and en tro p ies , AS°a^, of ad sorp tion . ^ ^ °acj va lu es w ere calcu lated  by  

the u se  of equation  (4 5 ), and and and AH0^  from equations

(47) and (4 8 ).

3.1.2 Discussion

The minimum area p er  m olecule at the aqueous so lu tion /a ir  in terface

in creases w ith in crease  in th e number of o xyeth y len e  u n its  in the

m olecule. T h is is  in agreem ent with the relationship  ob served  for other

- 1/2p o lyoxyeth y len a ted  nonionics (1 0 3 ), that n (= 2 1 .0 -2 2 .9  at

10°C ; 2 1 .7 -2 4 .8  at 25°C; 2 2 .6 -2 4 .9  at 40°C ), w here n is  the num ber of 

o x y eth y len e  u n its  in the chain , is  almost a con stan t. T here appears to 

be an sharp  in crease  in area p er m olecule w ith the in itial in crease  in  

o x y eth y len e  u n its , followed b y  a m oderate in crea se . The in crease  in  

area w ith the in crease  in o x y eth y len e  u n its  appear to be due to poor
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pack ing at the a ir /w ater  in terface since the h yd rated , coiled  

o x y eth y len e  chains sw eep out a g rea ter  su rface area as th eir  len g th  

in c r e a se s .

T he minimum area p er m olecule a lso  in crease  w ith in crease  in  

tem perature, as would be ex p ected  from the in creased  therm al agitation . 

T h is would resu lt in poorer pack in g  of the adsorbed  m olecules and a 

con seq u en t in crease in area per m olecule. T his increase in area due to 

therm al agitation  is  opposed  b y  the e f fe c t  of the dehydration  of the  

o x y eth y len e  chains w ith in crease  in  tem perature. With th e ser ie s  of 

p o lyoxyeth y len a ted  com pounds stu d ied , e x ce p t p o ssib ly  for th e E07  

compound go in g  from 10° to 25°C, th e a rea -in crea sin g  e ffe c t  due to  

therm al ag ita tion  predom inates over the a rea -d ecrea sin g  e ffe c t  due to  

d eh y d ra tio n .

T he critica l m icelle concentration  v a lu es  show  an in crease w ith  

in crease  in the num ber of o x y eth y len e  groups in  the m olecule. T h is is 

in agreem ent w ith  p rev iou s stu d ies  (72) w ith nonionic su r fa c ta n ts.

T he critica l m icelle concentration  is  found to d ecrea se  w ith in crease  

in tem perature for all the members of the se r ie s . In co n tra st, Crook 

et a l (7 2 ), found continuous in crease  in CMC w ith  tem perature for the  

ser ie s  of com pounds p -ter t-o c ty lp h en o x y p o ly  (eth en oxyeth on o l) s w ith  

o x y eth y len e  u n its  one to fou r, w hile for th e com pounds w ith
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o x y eth y len e  u n its from five to ten  the CMC in itia lly  d ecreased , then  

in creased  as the tem perature was in creased . For the m olecules w ith the 

low est EO con ten t, E02 and E 03 , th e  variation  of the CMC with  

tem perature appears to be v e r y  small, w hereas for the r e s t  of the  

members in the se r ie s , the variation seem s to be s ig n ifica n t, esp ecia lly  

going from 10° to 25°C. As the o x y eth y len e  con ten t is  in crea sed , there  

is  g rea ter  solvation  and th erefore the in flu en ce of the tem perature on 

the dehydration  p rocess w ill be more marked w ith m olecules of h igh  

o x y eth y len e  conten t than of low o x y eth y len e  con ten t. T he larger  

variation  of the CMC in the tem perature range of 10 to 25°C than of 25° 

to 40°C for all members in the ser ie s  s u g g e s ts  that m ost of the  

dehydration  is  com plete at 25°C and th at th ere  is  le s s  dehydration  

tak ing  p lace betw een  25° and 40°C .

The e ffe c t iv e n e ss  of su rface tension  red u ction , m easured by ir ,cmc

show s a stead y  d ecrease w ith in crease in the num ber of oxyeth y len e  

u n its  F igure VII. T his behaviour is  in con trast to that reported  for p - 

ter t-o c ty lp h en o x y p o ly  (eth en oxyeth an ol) s  (T2) , w here a maximum was 

o b serv ed  at th ree  to s ix  o x yeth y len e  u n its , d ep en d in g  upon the 

tem perature. As seen  from the equation  (7 1 ), the d ecrease  in ttcmc

w ith  in crease  in o x y eth y len e  conten t appears to  be due to  the large  

d ecrease  in su rface  e x c e ss  concentration  w ith  th e in crease  in 

o x y eth y len e  con ten t in  th ese  m olecules.
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Tem perature in crease  has two op p osing  e ffe c ts  on the su rface

p rop erties  of th ese  nonionic p o lyoxyeth y len a ted  m olecules.

1) D ehydration  of the o x y eth y len e  u n its , lead in g  to more 

hyd rop hob icity  for  the m olecule and , 2) K inetic-therm al e f fe c ts , w hich  

gen era lly  resu lt in  in crease  in so lu b ility  and larger  area p er m olecule at 

the aqueous solu tion  /a ir  in terface .

It is  apparent from Figure VII that the m olecules w ith low er

oxyeth ylen e. con ten t have a larger  variation  of ncmc w ith  tem perature,

w hile no s ig n ifica n t change in if is  shown b y  the h igh ercmc

o x y eth y len a ted  com pounds at the tem peratures stu d ied .

For m olecules w ith  sh orter  o x y eth y len e  ch a in s, as shown b y  the

d ecrease  in it v a lu es  w ith in crease  in tem perature, th e second  cmc

e ffe c t  p lays a more im portant part than the f ir s t . Due to the few er

so lvated  o x y g en s  in  th e o x y eth y len e  u n its  in th ese  sh orter

p o lyoxyeth y len ated  com pounds, the d eh yd ration  e ffe c t  is  ex p ec te d  to  be

small. On the o th er h an d , for the lon ger  p o ly o x y eth y len a ted  m olecules

it appears that both  e ffe c ts  are eq u ally  im portant, as shown b y  th eir

almost similar tt v a lu es  at all the tem peratures stu d ied , cmc

With the sh o rter  p o lyox y eth y len a ted  m em bers, the tt c va lue of 43

to 45 mNm \  ap p roach es th e ir v a lu es  of lon g -ch a in  alcoholsmax
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contain ing six  to ten  carbon atoms (45 mNm at 20°C (105) and of

CqH.^OC-H.OH (45 mNm at 25°C (1 0 4 ), in  aqueous so lu tion . On
o  1  (  z  4  '

the o th er  hand Crook e t al have rep orted  a value of 3 7 .4  mNm * for p -

te r t-C 0Hir.C H OC0H.OH, w hich appears to be too low . o 1 1 b 4 z  4

T he AS0 . va lu es in Table 4 are all p o sitiv e  for all the members in mic

th e s e r ie s , in d ica tin g  in creasin g  random ness in th e  system  upon

transform ation o f th e  nonionic su rfactan t m olecules in to  m icelles. T his

in crease  of en trop y  (p o sitiv e ) on m icellization has b een  o b serv ed  for

ionic su r fa c ta n ts , too, and th is  h as been a ttr ib u ted  to  the d estru ction

of a considerab le portion  of the stru ctu red  w ater about th e monomeric

u n its  of su rfactan ts  d u rin g  th e ir  incorporation  into  the m icelle (3 1 ).

M oreover, an in crease  in AS0 . v a lu es  w ith in crease  of oxyeth y len emic J J

u n its  in d ica tes  the deso lvation  of o x y eth y len e  u n its  to  be a contributing  

factor to  the p o sitiv e  en trop y  ch an ge. On th e o th er  hand , the 

crow ding of th e  o x y eth y len e  u n its  into the ou ter  m icellar sh ell might
V

cau se d ecrea se  in configurational en trop y  for th e m olecule compared to

that of th e  free  monomers, and t h i s . would cau se an en trop y  d ecrease

w ith in crea se  in o x y eth y len e  u n its . T he small in crea se  in AS° .mic

o b serv ed  w ith  in crease  in o x y eth y len e  u n its  may be due to  the  

com bination of th ese  two e f fe c ts .
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The AH0 . va lu es in Table 4 are p ositive  for all the members in mic

the se r ie s . T h is is in  con trast to the negative  AH° . va lu es at 25°Cmic

ob served  for the p -ter t-o c ty lp h en o x y p o ly (e th en o x y )e th a n o ls  con tain ing

le ss  than four o x y eth y len e  u n its (7 2 ). T he in crease  in AH° . va lu esmic

with in crease  in o x y eth y len e  con ten t in d icates that greater  num bers of 

h yd rogen  bonds betw een  p o lyoxyeth y len e chain o x y g en s  and w ater  

m olecules are broken  in the m icellization p ro cess  as the num ber of 

oxy eth y len e  u n its  in th e  molecule in crea ses.

The AS°acj va lu es are all p o s itiv e , as in m icellization b u t s lig h tly  

greater  than the values f ° r  th e  same com pounds. T h is may

reflect the grea ter  freedom  of motion of the o x y eth y len e  chain  u n its  at 

the planar a ir /a q u eo u s solution  in terface  compared to the crow ded ou ter  

sh ell o f a m icelle. The change in AS°a^ w ith in crease  in  th e num ber of 

oxyeth y len e  u n its  in th e m olecule, on the o ther hand, approxim ates that 

ob served  for ^ 0mic • T h is is ex p ec te d , sin ce  groups at the m icellar 

su rface would not ex p er ien ce  the space restr ic tio n  im posed upon groups  

ex ten d in g  in to  the in ter ior .

The AH° , va lu es are all le s s  p o sitive  than AH° . va lu es and  ad mic

become s lig h tly  more p o s itiv e  w ith in crease  in th e num ber of 

o x y eth y len e  u n its  in th e m olecule. T h is show s th at le s s  b onds betw een  

p o ly o x y eth y len e  chain o x y g en s  and w ater m olecules are broken  in the
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p ro cess  of adsorption  at the a ir /aq u eou s solution  in terface than in 

m icellization, but th at, as in m icellization, the number of bonds broken  

in crea ses  w ith  in crease  in the number of oxyeth y len e  u n its  in the  

m olecule.

It is ev id en t from Table 5 that most of the n egative  AG° , valuead

comes from the AS° , value and that the contribution of thead

o x y eth y len e  unit to the AG0^  value is  v ery  small in th ese

p o lyeth en oxy la ted  nonionic su r fa c ta n ts . A lso , a ~ ^ ° aci value 36 to

37 kJ mol 1 for oxyeth y len e  chain le n g th s  of five  to e ig h t u n its

in d icates that th ese  com pounds all have alm ost the same ten d en cy  to

adsorb  at th e aqueous so lu tio n /a ir  in terface  at 25°C. T heir ten d en cy

for adsorption  is  com parable to th ose  of C,„H„_CH„OH or
1Z Zo Z

C H CHOHCH.CH OH, both  of w hich have a AG° . value of 3 7 .0  kJ 
1Z Zo z z ad

mol" 1 (20) .

From equation  (52) and (45) it follow s that:

H A H n A . = AG° . -AG° . cmc cmc cmc mm mic ad

The ir A . product con seq u en tly  e x p r e s se s  the work in vo lved  cmc mm r

in tra n sferr in g  the su rfactan t m olecule from a m onolayer at zero su rface

p ressu r e  to the m icelle. T he AG° . - AG° . va lu es are lis te d  in Tablemic ad

6 . It is  apparent that th e se  term s, w hich m easure th e ea se  of 

adsorption  to form a m onolayer at zero su rfa ce  p ressu r e  rela tive  to the
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ease  of m icellization, are all p o s itiv e  and show little  change with

tem perature in the 10-40°C  ran ge. From T ables 4 and 5 it  appears that

the p o sitiv e  contribution  to the p o sitive  ( AG° . - AG° ,) valuemic ad '

a r ises  from 1) The g rea ter  p o sitiv e  en trop y  change upon adsorption

than  upon m icellization and (2 ) the smaller p o sitiv e  en th a lp y  change

upon adsorption  than upon m icellization .

From Table 6 it is  seen  th at th e  en trop y  contribution  to the AG° .mic
a -1- AOr rem ains alm ost con stan t at 3 to 5 kJ mol w hile the en thalpy  

contribution  in crea ses  stea d ily  w ith  in crease  in th e num ber of 

o x y eth y len e  u n its  in th e m olecule, show ing the s ig n ifica n ce  of the  

en th alp y  factor in red u cin g  the ease  of m icellization o v er  adsorption .

From th e above ob servation s and from th e litera tu re (105) it is  known

that ster ic  factors in h ib it m icellization more than th ey  do ad sorp tion  at 

the a ir /a q u eo u s so lu tion  in ter fa ce . In the case  o f th ese  

p o lyox y eth y len a ted  nonionic a lcohols, the stru ctu ra l elem ents in the  

su rfactan t m olecule that may cause " steric  inhibition" of m icellization are 

( 1) The a lk y l chain and (2) the p o ly o x y eth y len e  chain . T he greater  

restr ic tio n  on the motion o f the a lk y l chain in the re la tiv e ly  cramped  

in terior  of the m icelle com pared to  the planar a ir /a q u eo u s solution  

in terface  may be the cause for the en trop y  contribution  to  the p o sitiv e  

value of th e  work of tr a n sfe r . T h is  con tribution  would b e ex p ec te d  to  

remain e sse n tia lly  u nchanged  w ith  in crease  in the _ num ber of



91

o x y eth y len e  un its in the su rfactan t m olecule. On the other hand, the

o o s itiv e  va lu es for AH° . - AH0 , and th eir  stead y  in crease  with themic ad

in crease  in the number of o x y eth y len e  u n its  in  the molecule indicate  

th at greater  dehydration of the p o ly o x y eth y len e  chain is  requ ired  for  

m icellization than for adsorption  at the a ir /aq u eou s solution in terface . 

T h is show s that the space available to the hydrophilic group at the  

su rface  of the m icelle is  more re s tr ic ted  than at the planar a ir /aq u eou s  

solu tion  in terface .

From equation  (82) it follows th at,

tt = (AG° . - AG° A / A  .cmc mic ad mm

S ince, as d iscu sse d  ab ove, b u lk y  hydrophilic groups in h ib it m icellization

more than th ey  do adsorption  at th e  a ir /a q u eo u s solution  in terfa ce ,

it , the e ffe c tiv e n e ss  of su rface ten sion  red u ction , would normally cmc

in crease as the b u lk in ess of the h ydrophilic  group is  in creased  if A .min

remained con stant. In th e p resen t ca se , an in crease  of one in the

num ber of oxy eth y len e  u n its in the m olecule cause an approxym ately 15

% in crease  in A . , w hile p roducing an in crease  of le s s  than 10 % in the  mm

value of AG° . - AG° . ,  r e su ltin g  in th e  o b serv ed  d ecrease  in itmic ad cmc

(T able 3) as th e  len g th  of the p o ly o x y eth y len e  chain is  in crea sed .

T he p ercen tage change in ( AG°m.c - AG0^ )  w ith  change in

tem perature from 10° to 40°C is  more or le s s  con stant w ith  in crease  in
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the number of o x y eth y len e  u n its in the su rfactan t m olecule, while the

p ercen tage change in A , which at le s s e r  o x y eth y len e  con ten t is

grea ter  than th e p ercen tage  change in ( AG° . - AG° d ecrea sesmic ad

and approaches that of th e  la tter  w hen the m olecule contains more than  

fiv e  o x y eth y len e  u n its . T h is accou n ts for th e con vergen ce  of three  

tem perature cu rv es  in F igure VII to on e, at th at o x y eth y len e  con ten t.
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3 .2  B eta ines and Su lfobeta ines

3 .2 .1  R esu lts

P lots of su rface  tension  ( 2f) v s  the log of th e molar concentration , 

C, of the su rfactan t in the bulk  p hase at 10, 25 and 40°C for the N- 

a lk y lg ly c in es  and N -a lk y ltau rin es are shown in f ig u res  VIII and IX, 

r e sp e c tiv e ly .

-2
Surface e x c e s s  con cen tration , T , in  mol cm and area permax

-2
m olecule, A . in  nm , at th e  liq u id /a ir  in terface w ere calcu lated  from  mm

eq u ation s (18) and (24) r e sp e c t iv e ly . V alues of the cr itica l micelle

con cen tration , cmc, minimum area p er molecule A . , u , themm cmc

e ffe c t iv e n e s s  of su rface  ten sion  red u ction , and pC^o' th e e ffic ien cy  of 

su rface  tension  red u ction , are lis te d  in  Table 7.

.The standard  free  e n e r g ie s , AG° . , en tro p ies , AS° . , andmic mic

en th a lp ies , ^H° , m icellization w ere calcu lated  from equations

(5 2 ), (47) and (48) r e sp e c t iv e ly . T h ese  v a lu es  are lis te d  in Table 8 . 

Table 9 lis ts  the standard  free  e n e r g ie s , AG°a^, en th a lp ies AH0^ ,  and  

en tro p ies , AS0^ ,  of adsorption . ^G° ^ v a lu es  w ere ca lcu lated  b y  th e  

u se  of equation  (4 5 ) , and AS0^  and AH0^  from equations (47) and

(48) r e sp e c tiv e ly .



TABLE 7 : Surface Properties of betaines and sulfobetalnes

Cmc min
Compd T(°C) mol dm-3 X 103 nm2 X 100

C10BMG 10 6.31 54.8
25 5.25 56.9
40 4.36 59.7

C12bhg 10 56•2
25 0.54 57.6
40 0.52 59.7

CgBMT 10   54.0
25   60.9
40   63.4

-iC10BHT 10   55.8
25   60.9
40 4.57 64.0

C12BMT 10   58.5
25   61.2
40   64.0

94

TT11 cmc
pC2g mNm- 3 Ghc/C2q

3.34
3.36
3.30

38.7
38.0
36.3

13.8
12.0
8.7

4.42
4.42 
4.32

39.7
39.0
37.6

15.8
14.41
11.0

2.26
2.23
2.17

3.40 ------ ------
3.34 ------ ------
3.22 33.8 7.6

4.52
4.44
4.32
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TABLE 8 : Standard Therm odynam ic Param eters of m icellization  

for N -a lk y l, N -b en zy l, N -m eth y lg lycin es

Compd

AG . mic AH°mic AS0 . mic
T (°C ) (kJ m ol-1) (kJ mol"1) (kJ mol_1K X)

C1QBMG 10 -1 1 .5

+8.5 +0.070

25 -1 3 .0

25 -18.6

40 -1 9 .6

+4.7 +0.044

c 12b m g

40

10

-1 3 .9

-1 7 .4

+4.6 +0.078

+0.9 +0.067
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TABLE 9: Standard Thermodynamic param eters of adsorption  for  

zw itterionic com pounds.

Compd

AG‘ ad AH° . AS0 .ad ad
T (°C ) (kJ m ol-1) (kJ mol X) (kJ mol'^K

C1qBMG 10 -2 4 .7

+0 . 2 +0.087

25 -2 6 .0

25 -3 2 .1

40 -3 3 .2

25 - 2 0 .0

25 -2 6 .3

40 -27 .0

- 2. 6 +0.078

c 12bm g

40

10

-27.2

-30.9

-7 .1 +0.082

-10.9 +0.071

CgBMT 10 -1 8 .7

+5.9 +0.083

-9 .2 +0.036

C1qBMT

40

10

- 20.6

-2 5 .1

-2 .7 +0.079

-1 2 .9 +0.045
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C12BMT 10 -31.5

- 1 0 .6 +0.074

25 -3 2 .6

-1 4 .8 +0.060

40 -3 3 .5
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3 .2 .2  D iscussion

C^qBMG and C^ESMG w ere found to have h igh  so lu b ility  in w ater,

w hereas the corresp on d in g  N -a lk y ltau rin es w ere sp arin g ly  soluble in

w ater. As a re su lt , th e  on ly  cmc determ ined in th e la tter  ser ie s  was

for C 0BMT at 40° C. The cmc of C BMT was not determ ined due to its  
1U o

high  cmc and in su ffic ien t m aterial.

T he areas per m olecule for the g ly c in es  and for the ta u r in es , when

compared to the cro ss  section al areas of the com pounds as obtained  from

m olecular m odels, su g g e s t  that at the aqueous so lu tion /a ir  in terface the
+

ionic head grou p s, -N (C H 2CgH5) (CH ^C I^C H ^SO g in the case of 

+

ta u rin es, and -N (C H 2CgH^) (CH^CH^COO in the case  of g ly c in e s , are 

ly in g  flat in the in terface .

The taurines have a s lig h tly  larger area p er m olecule when compared 

to the g ly c in es . T he areas per molecule for the C BMG and C BMG
1 U  J.Z

are comparable to those o f N -a lk y l,N ,N -d im e th y lg ly c in e s , (8 4 ,8 0 ) and  

for trimethylammonium alkanoates (8 2 ,8 0 ) . T h u s, th e in troduction  of a 

b en zy lic  group in C^qBMG and C^BMG has a small e ffec t  on th e area  

per molecule for th ese  com pounds.

From the on ly  cmc obtained  (for  the C0BMT at 40°C ), it appearso

that the critica l m icelle concentration  for the g ly c in es  and the tau rin es  

are comparable to each o th er .
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On the other hand, the cmcs for the g ly c in es  are about th ree times

smaller w hen compared to the correspon d in g  N -a lk y l,N ,N -

-2 -3 -3d im eth yglycin es (8 4 ), w here 1 .8 0  x  10 and 1.85 x  10 mol dm been

rep orted  for th e C^g and com pounds, r e sp e c t iv e ly . B es id es , the

cmcs for the corresp on d in g  2 - (trim ethylam m onium )alkanoates (7 9 ,8 1 ) are
-2  -3 -3

1.31 x  10 and 1 .32  x  10 mol dm , r e sp e c tiv e ly . The v ery  much

low er cmcs for the C^^BMG and C^BMG com pounds appear to be due to

the contribution  of the b en zy lic  group to th e h yd rop hob icity  in th ese

m olecules. Comparing the cmcs for C^qBMG -and C^BMG with the

correspon d in g  N -a lk y l,N ,N -d im e th y lg ly c in e s , it appears th a t the

contribution  of the b en zen e group to the h yd rop hob icity  in th ese

m olecules is eq u iva len t to about one half of a carbon atom in a s tra ig h t

hydrocarbon  chain .

T he e ff ic ien cy  of su rface  ten sion  red u ction , P ^ o '  ôr b eta in es  

and th eir  correspon d in g  su lfob eta in es is  alm ost the same. On the o ther  

h an d , th is  value is  about a unit more than  for the correspon d in g  N - 

alkyl,N ,N -trim ethylam m onium  g ly c in es  (84 ): th e  P ^ g  va lu es  f ° r the

la tter  contain ing 10 and 12 carbon atom are 2 .5  and 3 .5 1 , r e sp e c tiv e ly ,  

at 23°C . T his in crease  is  comparable to  th e  in crease  in P ^ g  va ûe tor  

two m ethylene groups in  a a lk y l chain as seen  from the d ifferen ce  of 

th e pC^g va lu es for the C and C^EJMG m olecules. T h is show s the  

g rea ter  e ffic ien cy  o f the b en zy lic  group in th ese  com pounds in
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d ecreasin g  the su rface tension  at the aqueous so lu tio n /a ir  in terface than  

red u cin g  the critica l micelle concentration . T he in crease  in  hydrophobic  

ch aracter due to the -CH^CgH,. group is  cou n teracted  in part in

m icellization b y  its  s ter ic  inhibition  of m icellization.

A lthough the e ffic ien c ies  of su rface ten sion  reduction  for the

b eta in es and the correspon d in g  su lfob eta in es are almost th e  same, the

form er appear to show  greater  e ffe c t iv e n e ss  in su rface  tension

red u ction , as ind icated  b y  the ir v a lu e s . T his appears to  be due tocmc

the smaller area p er m olecule of the b eta in es as com pared to the

correspon d in g  su lfob eta in es . H ow ever, the corresp on d in g  N -a lk y l,N ,N -

d im eth ylg lycin es show sm aller it va lu es: 36 and 32 .5  mNm  ̂ for thecmc

C f2 and com pounds, r e sp e c tiv e ly . T h is  g rea ter  e ffe c t iv e n e ss  in

su rface  ten sion  reduction  appears to be due to the larg er  cm c/C 2Q ratio  

for th e C^qBMG and C^EJMG com pounds com pared to the correspon d in g  

N -a lk y l, N , N -d im eth y lg ly c in es .

T h u s, the in troduction  of a more b u lk y  h yd rop hob ic group into the

hydrophilic  head group of the su rfactan t ap p ears to cause a larger

d ecrease in the C2Q value than in the cmc va lu e . S in ce, as m entioned

ab ove, th is  change in stru ctu re  does not a ffec t the value of A .min

sig n ific a n tly , the in crease  in the value of cm c/C 2Q ca u ses  an in crease  in 

the e ffe c t iv e n e ss  of th e  su rfactan t in red u cin g  th e su rface  ten sion .
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A lso, the v e r y  much larg er  d ecrease  in value compared to the cmc

value for C^BMG and C^BM G , w hen compared to the corresp on d in g  N- 

a lk y l,N ,N -tr im e th y lg ly c in e s , show s that s ter ic  factors have a greater  

e ffe c t  on the p ro cess  of m icellization than on adsorption  at the aqueous  

so lu tion /a ir  in terfa ce .

T he va lu es in T able 8 are all p o s itiv e , in d ica tin g  increased

random ness in the system  upon transform ation of th e  zw itterionic

su rfactan t m olecules in to  m icelles. T he AH° . v a lu es , too, aremic

p o sitiv e , due to th e endotherm ic desolvation  a ssoc ia ted  with

m icellization. Smaller AH° . and AS° . v a lu es  at 25-40° C than atmic mic

10-25°C are due to the smaller hydration  of the monomers at the h igh er

tem p eratu res. In the tem perature range stud ied  no minimum in the

variation  of AH° . w ith tem perature was o b serv ed , in agreem ent with  mic

the work of Sw arbrick e t  a l (86 ) .

From the variation  o f the AH° . va lu es for the two a lk y l beta inesmic

it is  seen  th a t, for th e  sh orter  a lkyl chain com pounds, the en thalpy  

change is  a s ig n ifica n t factor  in  the p ro cess  of m icellization w hile, for 

the lon ger  chain com pounds, the free  e n erg y  change is  due almost 

en tire ly  to  the en trop y  ch an ge.

From th e  standard  free  en erg y  of m icellization of th e  N- 

a lk y lg ly c in es , the AG° . p er m ethylene group at 25°C is -2 .8 0  kJ mol
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T his is  in  c lose  agreem ent with the correspon d in g  value o f -2 .8 5  

kJ mol  ̂ at 20°C obtained b y  M olyneux e t al (8 5 ).

From the data, in Table 9 , AG° p er m ethylene group at 25°C isaU

-3 .0 5  kJ mol * for the g ly c in es  and -3 .1 5  kJ mol * for the tau rin es. 

T h ese are in agreem ent w ith va lu es of -3 .1 5  kJ mol * for lon g -ch a in  

alcohols and 1 ,3 -d io ls  (2 0 ).

T he AH° , v a lu es  are le s s  p o sitiv e  than the AH° . v a lu es  for  thead mic

same a lkyl g ly c in e s . T h is show s le s s  dehydration  o f the su rfactan t  

requ ired  for adsorption  at the aqueous so lu tio n /a ir  in terface  than  for  

the p ro cess  of m icellization . T h is is  con sista n t w ith th e o b serva tion s on  

p o lyoxyeth y len a ted  n on ion ics, ab ove, and alkylpyridinium  h a lid es, 

below.

The v a lu es  are all s lig h tly  more p o sitiv e  than the

•values for th e  same com pound, re flec tin g  the greater  restr ic tio n  of 

space in the m icelle than a t th e aqueous so lu tion /a ir  in terfa ce .

T he v a lu es  and AH°a^ va lu es are both more p o s itiv e  for  the

beta in es than  for the correspon d in g  su lfo b eta in es . T h is show s th at the  

su lfob eta in es req u ire  le s s  dehydration  for adsorption  at th e  aqueous  

so lu tion /a ir  in te r fa c e .
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U sing AG°(-CHg) = AG° (-C H ^-) - 5 .56  kJ mol \  on the basis of

so lu b ility  data (106) for liqu id  N -alkanes in w ater at 25°C, standard

free  en erg ie s  of adsorption  and m icellization , AG° ,(-W ) and AG° .ad ' mic

(-W) r e sp e c tiv e ly , 'fo r  th e hydrophilic  head  grou p s, 
+ +

-N (C H 3 )(C H 2CgH5 )CH2CH2SC>3 and -N (C H 2CgH5 )(C H 3 )CH2COO_, 

w ere ca lcu lated . T h ese  v a lu es  are lis te d  in Table 10 togeth er  with  

stand ard  free  en erg y  va lu es for th e h yd rop h ilic  head groups for th e N- 

a lk y l,N ,N -d im eth y lg ly c in es  (8 4 ), 2(trim ethylam m onium )alkanoates (82 ), 

and some p o lyoxyeth y len a ted  nonionics and 1 ,3 -d io ls  (107 ), (108 ).

From th e so lu b ility  data of N -decan e in w ater, th e  en th alp y  for the  

p rocess n -d ecan e (H20 ) - - >  n -d ecan e (p u re) at 25°C has been  estim ated  

by  G oddard e t  al (31) to be -5 .8 5  kJ mol S u btractin g  th is value from  

the ca lcu lated  AH° at 25°C va lu es for  C^BM G and C^qBMT, in  T ables 8 

and 9, th e  AH°(-W) va lues for m icellization and for adsorption  at the  

aqueous so lu tio n /a ir  in terface  at 25°C are estim ated . T h ese va lues are 

shown in T able 11 tog eth er  w ith the va lu es for the hydrophilic  head

groups of N -a lk y l,N ,N -d im e th y lg ly c in e s  and

2 (trim ethylam m onium )alkanoates.

T he AG°(-W) va lu es for the two N -b e n z y lg ly c in e  and tau rin es are

comparable to each o th er, and are le s s  p o sitiv e  than for the N-

a lk y l,N ,N -d im eth y lg ly c in es  and 2 - (trim ethylam m onium )alkanoates.
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TABLE 10:

Standard Thermodynamic Parameters of Adsorption and M icellization  of 

various head groups (-W) at 25 C

-W AG°ad(kJ mol-1 ) AG°mic(kJ mol"1)

-l^(CH2C6H5)(CH3)CH2COO" 10.0 20.5

-N+ (CH2CgH5)(CH3)CH2CH2S03 10.6 ------

-CH-C00” 15.2 22.7
I

+n(ch3) 3

-N+(CH3) 2CH2COO“ 16.4 23.6

-CH(0H)CH2CH20H 7.4 10.1

-(OCH2CH2)8OH 5*8 16.5



TABLE 11:

Standard Thermodynamic Parameters of Adsorption and-M icellization  

of various head groups (-W) at 25°C

-W A » ad AS»ad A tfmlc A S P ^

-N(CH2 CgH5 )(C H 3 )CH2 COO-  A . 6 - 0 . 0 1 8  1 2 . 4  - 0 . 0 2 7

+ _
-N(CH2 C6H5 )(C H 3 )CH2 CH2S 0 3 - 1 . 9  - 0 . 0 4 2  -------  -------

-CH-C00"     8 . 4  - 0 . 0 4 7
I

+n(ch3) 3

+
-N(CH 3) 2CH2COO“      9 . 6  - 0 . 0 4 7
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The more p ositive  AH° . va lu es (Table 11) for th e N -b e n z y l,N -mic

m ethylg lycine head groups than for the N, N -d im eth y lg lycin e and

2- (trim ethylam m onium )alkanoates su g e s t  the g rea ter  requirem ent of heat

to d eso lvate  th e form er. T his is  re flec ted  in the le ss  n ega tive  AS° .mic

value for the N - b en zy l, N -m ethy lg lycine head grou p .

In the case of dim ethyl ammonium g ly c in e s , th e replacem ent of a 

m ethyl group b y  a b en zy lic  group as in N -m ethyl, N -b e n z y lg ly c in es , will 

a s s is t  in the fu rth er  removal o f the hydrophilic  head group out of the  

w ater and into th e m icelle core . T h is will account for th e greater  heat 

of deso lvation  o f the hydrophilic  head grou p s of the N -b e n z y l,N -  

m eth y lg ly c in es . T he e ffe c t  is  similar to that of len g th en in g  the 

hydrocarbon chains and it  fac ilita tes  micelle form ation and low ers the  

cmc, as o b serv ed . The re lev en t contribution  to  the n eg a tiv e  free  

en erg y  of m icellization is  about 3kJ mol

From th e AH0^  ( _W) term  for the two ty p e s  of hydrophilic  grou p s,

it is  ev id en t that th ere is  an exotherm ic e f fe c t  in th e  tra n sfer  of 
+

-N(CH_C_Hr ) (CHo)CH„CH_S0„ from aqueous medium to th e  in terfa ce .
Z b b o Z Z o

T his exotherm ic en th alp y  term , tog eth er  w ith a la rg er  n eg a tiv e  en trop y  

term for th e N -a lk y ltau rin es head grou p , is  p o ss ib ly  due to the partial 

neutralization  of the op p osite ly  ch arged  groups in  th e h ydrophilic  heads  

due to th e ir  arrangem ent in checkerboard  fash ion  at the aqueous
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so lu tion /a ir  in terface , as su g g e ste d  by B eck ett and Woodward (8 3 ). In 

the case of the N -a lk y lg ly c in es , endotherm ic dehydration  of the  

hydrophilic head may outw eigh  the neutralization  e ffe c t , th u s making 

AH°a£j (-W) p o s itiv e .
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3 .3  D odecylpyridinium  halides

3.3.1 Results

Plots of 2f v e r s u s  lo g  *n q u a rtz -co n d en sed , d istilled  w ater

and in e lec tro ly te  solu tion  of 0 .1  M or 0 .5  M tota l ionic stren g th  at

10,25 and 40°C for C ^ N B r  antj c ^ N C l are shown in F igures X and XI,

r e sp e c t iv e ly . P lots of su rface  p r e ssu r e , -rr v e r su s  (log C + log  f )
N fX~ 4

for solu tion  in pure w ater or v e r su s  (log  + log  f ) fo r  0 .1  M and
N +

0 .5  M total ionic s tr e n g th  so lu tion  are shown in  f ig u res  XII and XIII, 

for C ^ N B r and C ^ N C l, r e sp e c t iv e ly . The a c tiv ity  co effic ien ts  were  

evaluated  from th e ex ten d ed  D ebye - H uckel equation  (2 1 ). In the  

ab sen ce of added sa lt, f+ w as assum ed to equal (log f + log  f ) / 2 . 

T ables A1 to  A18 (A pp en d ix) lis t  th e ca lcu lated  va lu es for the a c tiv ity  

co effic ien ts , the a c tiv it ie s  for  the io n s, to g eth er  w ith  th e  r e sp ec tiv e  

su rface p r e ssu r e , it  , va lu es  for  th e two com pounds.

Maximum su rface  e x c e s s  con cen trations for com pounds in pure  

w ater w ere calcu lated  from th e  maximum slo p es of the tt v s  (log C
N +X" '

+ log  f +) cu rv es for th e com pounds (equation  22) and it  v s  (log  C +
N+

log  f +) cu rv es  (equation  23) in th e case of so lu tions contain ing

swam ping am ounts of e le c tr o ly te s . T he area per m olecule, A ^ ,  was

calcu lated  b y  u se  of equation  24. T h ese  v a lu es  togeth er  w ith the cmc,

tt , th e  e ffe c t iv e n e ss  o f th e  su rface  ten sion  red u ction , pCL.., thecmc 20
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effic ien cy  of the su rface tension  red u ction , and cmc/C^Q ratios are 

lis te d  in Table 12.

1 /2C onductance , W, square root of concentration , C , to geth er  with

th e calculated values for con d u ctiv ity , k , and eq u iva len t con d u ctiv ity  A

1/2,a re  liste d  in T ab les A19 to A24. P lots of C v e r su s  equivalent

co n d u ctiv ity , A ,in  quartz d istilled  w ater for C NBr and C NCI, arexz xz

shown in fig u re  XIV and XV, r e sp ec tiv e ly . The critica l micelle 

concentrations obtained  at the in tersection  of the two, linear portions  

of the plot ju st above and below the d iscon tin u ity  are shown in Table 

1 2 .
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TABLE 12:

Surface Properties of N-dodecylpyrldlnlum bromide and chloride

Compd T(°C) Gmc, (mol -̂N̂ X ,max
dm-3 X 103) (mol cm-2 X 1010) (nm2 X' 100)

min pC20 Cmc/C2g cmc
(mNm- ^)

In quartz-condensed, d is t i l le d  water 

C12NBr 10 11.7

11.7(cond)

25

40

11.5

11.3(cond)

11.0

ll.A(cond)

3.5

3.3

3.2

48

50

52

2.365 2.7

2.33

2.29 2.1

34.6

2.5 32.9

30.8

c12nci 10

25

40

11.2

17 .7(cond) 

16.2

17.8(cond)

15.5

2.7

2.7

2 . 6

61

62

63

2.12 2.3 29.6

2.095 2.0

2.065 1.8

28.3

26.9

18.5(cond)
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TABLE 12: (cont'd)

Surface P roperties o f N-dodecylpyridinlum bromide and ch lorid e

Compd T(°C) One, (mol 

dm-3 X 103)

rH*3T,max 

(mol cm-2 x 10^ )

A min 

(nm2 X 100)

PC20 Ctac/C2o ir cmc . 

(mNm- *)

In NaX solution of 

CioNBr 10

0.1 M to ta l Ionic strength 

2.75 3.7 A5 3.A8 8.3 36.9
25 2.75 3.5 A8 3 .A0 6.9 35.2
AO 2.85 3.3 51 3.30 5.7 33.5

c12nci 10 5.5 3.1 5A 3.03 5.9 31.8
25 A.8 3.0 55 2.98 A. 6 30.A
40 A.5 2.9 57 2.92 3.8 29.1

In NaX solution of 0.5 M tota l Ionic strength

C^NBr 10 1.07 3.8 AA A.02 11.3 38.7
25 1.08 3.5 A7 3.91 8.9 37.2
AO 1.16 3.3 50 3.80 7.3 35.6

c12nci 10 1.9 3.2 52 3.55 6.8 34.1
25 1.78 3.1 5A 3.A9 5.5 32.8
A0 1.78 3.0 55 3.A3 4.8 31.6
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TABLE 13: Standard therm odynam ic param eters of m icellization

for N 'dodecylpyrid in ium  bromide and chloride

AG° . AH° . AS0 .mic mic mic

Compd T (°C ) (kJ m ol'1) (kJ m ol'1) (lcJ m ol^K "1)

C12NBr 10 -1 9 .1

C12NBr 25 -2 0 .1

C12NBr 40 -2 0 .8

C12NC1 10 -1 7 .7

C12NC1 25 -1 8 .9

C12NC1 40 -1 9 .8

+0.2 +0.0G8

-6 .0  +0.047

+4.8  +0.079

- 0 .8  +0.061
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TABLE 14: Standard therm odynam ic param eters of

adsorption  for N -dodecylpyrid in ium  halides

AG* ad
Compd

AH0 , AS° ,ad ad
T (°C ) (kJ m ol-1) (kJ mol"1) (kJ m a l^ K -1 )

In q u a rtz-co n d en sed , d istilled  w ater

C12NBr 10 -3 1 .4

25

40

-3 2 .5

-33 .7

- 10.6

-8 .7

+0.073

+0.080

C12NC1 10

25

-3 0 .6

-3 1 .6

40 -3 2 .6

In NaX of 0 .1  M tota l ionic s tren g th

C12N Br 10 -3 0 .5

25

40

-3 1 .7

-32 .9

-1 1 .7

-1 1 .7

-7 .9

-7 .9

+0.067

+0.067

+0.080

+0.080

C12NC1 10 -29.1

-8 .3 +0.073

25 -3 0 .2
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+0.073

In NaX of

40 -3 1 .3

0 .5  M total ionic stren g th  

C12N Br 10 -3 0 .0

C 12NC1

25

40

10

25

-3 1 .4

-3 2 .5

-2 8 .9

-3 0 .2

-3 .6

-9 .5

-4 .8

+0.093

+0.073

+0.085

- 12.8 +0.056

40 -3 1 .1
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Standard free  en erg ies  of m icellization w ere calculated  by the use of

equation (5 4 ). The a c tiv ity  coeffic ien ts  w ere evaluated  from D ebye-

H uckel equation (2 1 ), w here a is  taken  as 0 .6  for the su rfactan t ion

and 0 .3  for the counter ion s. The calcu lated  f and f va lu es,

tog eth er  with log  cmc va lu es in w ater, 0 .1  M NaCl and 0 .5  M NaCl are

tabulated  in  T ables A25 and A26 for C ^ N B r and C ^ N C l, resp ec tiv e ly .

T he e lectr ica l coeffic ien t of m icellization, m /n , was obtained from the

slope of th e  p lot of (log  cmc + log  f ) v e r su s  (log  C - + log  f ) shown
* X  "

in  F igure XVI. T h ese  va lu es are listed  in Table A27. The lin earity  of

the p lots is  good ev id en ce  for the assum ption that AG0^ ^  is constant

with change in ionic s tr e n g th  of the so lu tion . V alues of AG° . ,mic

togeth er w ith AH° . and AS0 . v a lu es  calcu lated  b y  equations (47)mic mic

and (4 8 ), are liste d  in Table 13.

The standard  free  en erg ies  of adsorption  at the aqueous so lu tion /a ir

in terface w ere calcu lated  b y  equation  (4 6 ). T he ^  v a lu es , to geth er

w ith log  cmc, a c tiv ity , and a c tiv ity  coeffic ien ts  for the ions at cmc in

w ater, 0 .1  M NaCl, and 0 .5  M NaCl, req u ired  for th e calculation of

AG° ,, are lis te d  in Table 14. AH0 , and AS0 , v a lu es , calcu lated  by  a d ’ ad ad ’ *

use of equations (47) and (4 8 ), are listed  in th e same tab le.
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3 .3 .2  D iscu ssion

The minimum areas per molecule for C ^ N B r and C ^ N C l show a

sm aller area p er  m olecule for C ^ N B r than for C ^ N C l, u nder the same

cond itions of tem perature and ionic s tr e n g th . At h igh er ionic stren g th

of th e solu tion  th ere  is  a d ecrease in the A . due to the com pressionmm ■

of the e lec tr ica l double layer  at the aqueous so lu tion /a ir  in terface  and

the con seq u en t reduced  repulsion  betw een  the sim ilarly charged

h ydrophilic  heads of the su rfactan t io n s . T he d ifferen ce  in A . formm

C ^ N B r  and C ^ N C l becom es smaller at h ig h er  ionic s tren g th  than in  

aqueous medium. V/ith in crease  in tem perature from 10 to 40°C th ere is  

a stea d y  in crease  in the minimum area p er  m olecule at th e  aqueous  

so lu tio n /a ir  in terfa ce , re flec tin g  the in creased  therm al motion of the  

m olecu les. T he in crease  for dodecylpyridin ium  bromide is about tw ice  

that show n for the correspon d in g  chloride u n der the same cond itions.

At all ionic s tr e n g th s  dodecylpyridin ium  bromide has a low er critica l 

micelle concentration  than the ch loride. At h igh er  ionic s tr e n g th  the  

critica l m icelle concentration  d ecrea ses  as ex p ected  b u t th is  d ecrease  in 

cmc is grea ter  for the C ^ N C l than for th e C ^ N B r at  both 0 .1  M and  

0 .5  M sa lt con cen tra tion s. T he e ffe c t  of tem perature change in the  

range in v estig a ted  for th ese  two com pounds ap p ears to be almost 

in s ig n ifica n t, and no gen era l trend  is  ap p aren t. T he critica l micelle
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concentrations at 25°C for C ^ N B r and C ^ N C l are le s s  than for the

-2 -3correspon d in g  trimethylammonium bromide (l.G  x  10 mol dm ) and

-3 -3chloride (2 .0  x 10 mol dm ) (110 ). T his appears to be due to the

b u lk in ess of th e trimethylammonium hydrophilic head group , w hich may

create a ster ic  barrier for m icellization, w hile th e planar pyridinium

group can pack more c lo se ly . T he ab ility  of the a lk y l pyridinium  group

to pack closely  compared to the trimethylammonium is shown b y  the

- 2  2larger  Am_n for dodecyltrim ethylam m onium  bromide (61x10 nm ) , (9 2 ), 

compared to C ^ N B r in w ater at 25°C.

T he e ffic ien cy  of su rface ten sion  red u ction , g iv en  b y  the P ^ o  

va lu e, is larger for th e C ^ N B r  than for C ^ N C l. T he P ^ o  va û es  ôr 

both com pounds d ecrease  with in creasin g  tem perature, in d icatin g  

d ecreased  e ffic ien cy  in su rface tension  red u ction .

T he e ffe c t iv e n e ss  in su rface  ten sion  red u ction , g iven  b y  tt , i scmc

also larg er  for th e C ^ N B r than for C ^ N C l. With in crease  of

tem perature from 10 to 40°C , th ere  is  a s tea d y  d ecrease  of it  forcmc

both com pounds and th is  appears to  be due to  both  the d ecrease  in

T and in the cm c/c„_ ratio w ith  tem perature. Due to th e  in crease  in  max 20

cm c/C on v a lu es , ir v a lu es , for both com pounds in crease  w ith in crease  2U cmc

in the ionic s tren g th  of the solu tion .
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T he i t  values for C10NC1 in' 0 .1  M NaCl at 25°C (3 0 .4  mNm "S is cmc 12 '

sm aller than for the corresp on d in g  trimethylammonium chloride (42 

mNm *) (109 ). The b u lk y  h yd rop h ilic  headgroup  in trimethylammonium  

chloride in h ib its m icellization, as ev id en ced  b y  its  g rea ter  cm c/C  ratio  

( 9 .5 ) ,  compared to that of C ̂ N C l, and th u s in crea ses  th e value of

TTcmc

It is  apparent from all the su rface  p ro p erties  in Table 12 that N-

dodecylpyridinium  brom ide, in all p rop erties  in v e s tig a te d , is  som e-w hat

more su rfa ce -a c tiv e  than the corresp on d in g  ch lor id e. At all ionic

s tr e n g th s , it has a low er cmc, larger  pC„_, and la rg er  ir value than20 cmc

the la tter  compound u nder th e same conditions of tem perature and ionic  

s tr e n g th . It is ,  th ere fo re , more prone to  form m icelles and is  more 

e ffic ien t and more e ffe c t iv e  at red u cin g  th e su rface  ten sion  of the  

so lven t than the ch loride.

From the data in Table 12, it is  seen  th a t, in  th e tem perature range  

of 10 to 25°C, both AH° and AS° va lu es are p o sitiv e  for both  the  

com pounds, ind icating  the sign ifica n ce  of th e  en trop y  contribution  to  

the n eg a tiv e  free  e n erg y  of m icellization at th ese  tem p eratu res. The  

p o s itiv e  h ea ts of m icellization have a lso  been  in ferred  from calorim etric 

m easurem ent of heat of d ilu tion  and solu tion  for anionic su rfa cta n ts, 

(3 1 ). At h igh er  tem p eratu res, the v a lu es  for  both  com pounds

become n eg a tiv e , th u s co n tr ib u tin g  to the p r o cess  fea s ib ility .
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T he p ositive  AH° . and AS° . va lu es at low tem perature are due mic mic

presum ably to d eso lvation  o f s tru ctu red  w ater about the hydrocarbon  

chain and the h yd rop h ilic  head g rou p s. D ue to  the dehydration  of the  

m olecules at the low er tem p eratu res, as th e  tem perature is  ra ised  the

AH° . va lu es become more n eg a tiv e  and the AS° . va lu es le s s  p o s itiv e .mic mic

T h erefore, th ese  data su b sta n tia te  th e o b serva tion s made by other

in v estig a to rs  (31) that at low tem peratures the p ro cess  of m icellization  

is  predom inently due to th e en trop y  e f fe c t , w hereas the contribution  of 

enthalpy to th e p ro cess  o f m icellization becom es s ig n ifica n tly  more 

im portant as the tem perature is  in crea sed .

The larger  en tro p y  of m icellization for C ^ N C l and its  more p o sitive  

en th alp y  of m icellization in both tem perature ran ges in v estig a ted  

ind icate th a t, in th e  m icellization p r o c e ss , more bonds to w ater

m olecules are b e in g  broken  for th e ch loride than for the brom ide. T h is  

is ex p ected  s in ce , in  the monomeric form of th e su rfactan t, ch loride ion  

is  more h igh ly  h yd ra ted  than bromide ion . T he h igh er  eq u iva len t  

con d u ctiv ity  of C ^ N B r , com pared to C ^ N C l, at  concentrations below  

th eir  cmc, o b serv ed  in th e m easurem ent of th e ir  cmcs b y  con d u ctan ce, 

shows the low m obility of ch loride ion com pared to bromide ion,

presum ably due to its  la rg er  hydration  sp h e re . T he h igh er  d eg ree  of

hydration  o f ch loride than of bromide ion has a lso  been  o b serv ed  by  

oth ers ( 111) .
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The change in AH° . from a small p o s itiv e  value in the 10-25°Cmic

range to a small n ega tive  value in the 25 - 40C° range for both C ^ N B r

and C ^ N C l appears to indicate that the d eg ree  of dehydration  of the

hydrophobic group and o f the halide ion n e c e ssa r y  for incorporation

in to  m icelle is  accom plished read ily  at room tem perature. T his is also

co n sista n t w ith th e apparent tren d  of the AG° . va lu es of the twomic

com pounds to approach each  other as th e tem perature is  in creased .

The s ign ifican ce  of the dehydration  of the counterions upon  

m icellization is  again  re flec ted  in the m /n v a lu es  (T able A27) for th ese  

two com pounds. If the counterions a sso c ia ted  w ith th e m icelle were  

h y d ra ted , ch loride ion would be held  le s s  t ig h tly  to the m icelle than the  

sm aller h yd rated  bromide ion , and its  m /n  va lue would be ex p ected  to 

be sm aller. On the o th er hand, the d eh yd rated  chloride ion is  smaller 

than th e  d eh yd rated  bromide ion and would be ex p ected  to be more 

com pletely assoc ia ted  w ith the m icelle, th u s g iv in g  a large m /n  value for  

the C ^ N C l compared to th e C ^ N B r .

As in the case  of the AG° . v a lu es , th e AG° , v a lu es  should  bemic ad

con stant w ith change in ionic s tr e n g th . T he va lu es calcu lated  in the  

ab sen ce of added e lec tro ly te  are almost 1 kJ mol  ̂ more n egative  than  

th ose  v a lu es  and th is is  b e lieved  to  be due to th e assum ption th a t, in 

pure w ater , th e  su rface concentration  o f cou n terion  equals that of the
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adsorbed  su rfactan t ion s. H ow ever, recen t s tu d ies  (112) show that the 

cou n ter ion /ad sorb ed  su rfactan t ion ratio in the absence of added  

e lec tro ly te  d ecreases  w ith the in crease  in  the su rfa ce  area of adsorbed  

su rfactan t ion . T h erefore, the e ssen tia lly  con stan t va lu es at 0 .1  M and  

0 .5  M ionic s tren g th  are probably more reliable than th ose calculated  in 

pure w ater solu tion .

T he AG°a^ va lu es are s lig h tly  more n ega tive  for the bromide than  

for the ch loride, show ing the greater  ten d en cy  of C ^ N B r to adsorb  at 

the in terface  than C NCI.
J.Ct

AH0^  v a lu es  for both C ^ N B r ancj c ^ N C l are all n egative  and show

little  or no variation w ith in crease in  tem perature from 10° to 25°C

range to the 25° to 40°C ra n g e . The variation  of AH° , at 0 .5  M ionicad

stren g th  is  not considered  s ig n if ic e n t. T he co n sista n tly  n egative

AH°a(_j va lu es appear to ind icate th at adsorption  at the planar aqueous  

so lu tio n /a ir  in terface  is  occu rin g  w ith le s s  dehydration  o f the

hydrophilic  head group of the su rfactan t ion and of the counter-ion  

than occu rs in m icellization.

T he le s s  n eg a tiv e  AH0 , and more p o sitiv e  AS° , va lu es for C.,„NBrad ad 12

compared to C ^ N C l indicate the c lo sen ess  of approach of the bromide 

ion , compared to the chloride ion , to th e ch arged  head group of the  

su rfactan t cation at the aqueous so lu tio n /a ir  in ter fa c e . A bromide w ith
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its  smaller sp here of hydration  is  d eso lvated  on approach to the  

hydrophilic head grou p s. Whereas the chloride ion , w ith the larger  

sp h ere  of hydration  appears to remain fu rth er  away from th e ionic head  

groups at the aqueous so lu tion /a ir  in terfa ce .

T he larger  the d istan ce of c lo se s t approach of th e  chloride ion, the

sm aller w ill be the screen in g  action on the ch arged  in terface and th is in

turn  is  re flec ted  in the larger  area per m olecule for C „NC1 compared to

C N Br. T h u s, the more p o sitiv e  AH° . and AS° . va lu es for Ch-NCl12 c  mic mic 12

compared to C ^ N B r , and the le s s  n eg a tiv e  AH°a^ and more p ositive  

AS°ad f ° r  comParec* inc**cate the greater  requirem ent

of dehydration  of the counter ions for the p ro cess  of m icellization than

for adsorption  at th e  a q u eo u s/a ir  in terfa ce .

3 .4  A nionic S u rfactan ts

3 .4 .1  R esu lts

Plots of the su rface ten sio n , ( 2f) ,o f  aqueous so lu tions of

C^qS, C^SJ, C^qEOS, C ^ E O S, C ^E O SO , C^^EO^SO v s  log of their  bulk
- 3

concentration  in mol dm (log  C) in q u artz-co n d en sed  d istilled  water 

and in e lec tro ly te  solution of 0 .1  M or 0 .5  M total ionic s tren g th  at

10,25 and 40°C are shown in F igures XVII to  XXII.
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Plots of su rface p ressu r e  ( i t )  , v e r su s  (log C + log  f ) for
r ’ x + *

solution  in pure w ater or v ersu s  (log C + log  f_) for 0 .1  M or 0 .5  M
R"

tota l ionic s tren g th  solu tion  are show n in F igures XXIII to XXVIII. 

T he a c tiv ity  coeffic ien ts  w ere eva luated  from the ex ten d ed  D ebye - 

H uckel equation  (2 1 ) . For su rfactan t solution  in pure w ater f+ was 

assum ed to equal (log f + + log  f _ ) /2 .  A ctiv ity  coeffic ien ts  and the 

a ctiv ity  for th e  ion s, to g eth er  w ith the correspon d in g  su rface p ressu re  

v a lu es , are lis te d  in T ables A28 to A81.

Maximum su rface e x c e s s  con cen trations for com pounds in w ater were 

calcu lated  from equation ( 22) ,  making u se  of the maximum slop es of the  

it  v s  ( l o g  C + log  f+) cu rve  for th e  com pounds. The
r ‘ x

correspon d in g  equation (23) and th e s lop es of th e  cu rv es  it  v s  (log C
R"

+ log  f_) w ere u sed  for th e calculation  of su rface e x c e ss  concentrations

for su rfactan t so lu tions of 0 .1  M and 0 .5  M ionic s tr e n g th . Area per

m olecule, A . w as obtained from equation  (2 4 ) . T ab les 15 to 20 list  mm

cmc v a lu es , T and A . , to g eth er  w ith it  , the e ffe c t iv e n e ss  of max rmn cmc

su rface  ten sion  red u ction , P ^ O ' e ^ cien cy  su rface tension

red u ction , and cmc/C^Q ra tio s.

T he standard  free  en e r g ie s  of m icellization w ere ca lcu lated  b y  the  

u se  of equation (5 4 ). T he f +,f_  v a lu es  to g e th er  w ith log  cmc va lu es  in 

w ater, 0 .1  M NaCl and 0 .5  M NaCl are tabu lated  in T ab les A82 to A86 

for  th e com pounds. From the slope o f (log  cmc + log  f_) v e r su s  (log
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C + log f +) (F igu res XXVIX to X X X III), the m /n va lu es were 
X +

determ ined. T h ese  va lu es are listed  in Table A27. T he lin earity  of the

p lo ts is  good ev id en ce  for th e assum ption th at AG° . is constant withmic

change in the ionic s tren g th  of the solu tion .

V alues of AG° . , to g e th er  w ith AH0 . , and AS0 . , calculated  mic mic mic

b y  equation (47) and (4 8 ), are lis te d  in Table 21.

The standard  free  en erg ie s  of adsorption  at the aqueous so lu tion /a ir

in terface w ere calcu lated  b y  equation (4 6 ). For the com pounds C ^ S ,

C^qEOS, C ^EO SO  and C ^IiX^SO , ^ g  maximum su rface  p r e ssu r e ,

^cmc' va*u es w ere u sed  in equation  (46) to g eth er  w ith the a c tiv ities  at

the critica l m icelle concentration  for th e calculation  of AG° , va lu es .ad

For the com pounds anc* ^ 12^ ^  ’ w^ere  cmc c°u ld  not be

reached  due to th eir  poor so lu b ility , the a c tiv ity  and A . va lu es at -ttmin

= 20 w ere u sed  in equation  (4 6 ).



TABLE 15:
Surface P roperties of Ĉ qS

Compd Medium Temp (mol dm- 3 X 10^) (mol cm" 3 x lÔ O)
(°C)

C10S H20 10 47.90 3.37

25 42.70 3.22

40 39.80 3.05

0.1 M 10 25.70 4.06

25 21.10 3.85

40 18.20 3.67

0.5 M 10 7.94 4.46

25 7.33 4.24

40 6 .53  4.04
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A mln 
(nm* X 101

49.2

51.8 

54.4

40.9

43.1

45.2

37.2 

40.6 

41.1

1.70

1.69

1.66

2.29

2.29 

2.27

2.89

2.87

2.84

IT cmc 
(mNm- *)

33.0

31.0 

29.2

34.4

32.6

31.1

38.1

37.1

35.7

Cmc/C2o

2.4

2.1

1.8

5.01

4.11

3.39

6.16

5.43

4.51



TABLE 16:
SurfaceT*ropertlea o

Compd Medium Temp (mol dm- 3 X 10-*) (mol cm-1 X IQ1**) 
(°C)

C12S H20 10   3.02

25 12.40 2.93

40 11.40 2.78

0.1 M 10   3.92

25 2.47 3.76

40 2.42 3.55

0.5 M 10   3.98

25    3.85

40 0 .79  3.60
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A mln Tcmc C“c /C20
(nm* X 100) pC2Q (mNm-1 )

54.9

56.7

59.7 

42.4 

44.2

46.8

41.7

41.7

43.8

2.38 

2.36 

2.33 

3.41

3.38 

3.30 

4.11 

4.06 

3.93

33.0

31.0

36.4

34.8

39.00

2.84

2.40

5.90

4.80

6.75



TABLE 17:
Surface P roperties o f C-|qEOS

Cmc T max
Compd Medium Temp (mol dm~̂  X 10^) (mol cm~̂  X 10l®)

CO

C10EOS H20 10 20.50 3.37

25 15.90 3.22

40 15.40 3.12

0.1 M 10 6.49 4.21

25 5.46 3.85

40 5.01 3.67

0.5 M 10   4.43

25 2.04 4.30

40 2 .00  4 .00
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^ min IF cmc Cmc /C2 0

(nm̂  X 100) PC2 0  (mNm“l)

49.2 2.04 32.9 2.24

51.5 2.10 30.8 2.00

53.3 2.06 28.8 1.70

39.4 2.93 36.5 5.52

43.1 2.92 34.7 4.54

45.2 2.87 33.0 3.70

37.5 3.60 ------ ------

38.6 3.54 39.0 7.10

41.5 3.45 37.7 5.58



TABLE 18:
Surface P roperties of Cj^EOS

Cmc r max
Compd Medium Temp (mol dm~3 X 10^) (mol cm- -* X 101®) 

(#C)

C12E0S H20 10 —— 3.07

25   2.92

40   2.74

0.1 M 10   3.93

25   3.73

40   3.57

0.5 M 10   4.22

25   3.97

40   3 .81
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 ̂ min 
(nm2 X 100)

54.0

56.9

60.5

42.2

44.3

46.5

39.4 

41.8

43.6

TT cmc1 
pC2Q (mNm-1)

2.76 -----

2.75

2.67 ------

4.14 ------

4.07 ------

3.98 ------

4.76 ------

4.68 ------

4.60  ------

Cmc /C20

)

I
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TABLE 19:
Surface P roperties o f C-^SO and C-̂ EOSO

Compd Medium Temp
(°C)

Cmc
(mol dm“3 X 10^)

1 max 
(mol cm~3 x 10l^)

A min 
(nm2 X 100) Pc20

IT- cmc 
(mNm'l)

Cmc / c.

c12so h2o 25 7.94 3.16 52.5 2.51 32.5 2.6

0.1  M 22 1.29 4.03 41.2 3.67 38.0 6.03

C1 2 EOSO H20 10 4.73 3.07 54.1 2.82 35.6 3.12

25 3.91 2.91 56.8 2.83 32.8 2.60

40 4.14 2.80 59.2 2.72 30.4 2.17

0.1 M 10 0.48 4.03 41.2 4.29 40.6 7.80

25 0.43 3.81 43.6 4.23 38.6 7.30

40 0.49 3.60 46.1 4.09 36.4 6.02

0.5 M 10 0.14 4.61 36.0 4.93 44.4 11.60

25 0.13 4.41 37.6 4.80 42.4 8.26

40 0.15 4.14 40.1 4.67 40.8 7.10



TABLE 20:
Surface P rop erties  o f C-̂ 2]jto 2 SO

®nc T max
Compd Medium Temp (mol dm"3 X 10^) (mol cm“3 X 10^0) 

(°C)

C12E02S0 H20 10 3.09 2.76

25 2.88 2.62

40 2.78 2.50

0.1 M 10 0.32 3.65

25 0.29 3.46

40 0.28 3.30

0.5 M 10 0.11 3.95

25 0.10 3.78

40 0 .10  3.57

130

0A min  ^cmc Cmc/C20
(nm̂  X 100) pC2Q (mNm- )̂

60.0 2.96 32.6 2.80

63.2 2.92 30.6 2.49

66.4 2.86 28.6 2.01

45.5 4.40 38.0 7.9

47.9 4.36 36.5 6.7

50.3 4.23 34.8 4.8

42.0 5.04 41.5 12.1

43.9 4.98 40.2 10.0

46.5 4.89 38.6 7.9
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TABLE 21: S tandard Thermodynamic param eters of 

m icellization for Anionic S u rfactan ts.

AG° . mic AH° . AS0 .mic mic

Compd T (°C ) (kJ m ol-1) (kJ mol"1) (kJ m o r 1K_1)

C10S 10 -1 4 .7 7

2.56 0.060

25 ■15.69

C12S

40

10

-1 6 .6 0

25 - 21.00

25 -18 .35

25 ■25.26

2 .4 0 0.061

2.06 0 .7 4

C1QEOS

40

10

■22.15

■17.37

1.10 0.065

0.925 0 .064

C12SO

C12EOSO

40

25

10

■19.36

-21.97

-24.06

-0 .0 5

-1 .4

0.073

0 .080

-7 .2 0 .060

40 -26 .17
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C12E 0 2S 0 10 -24 .26

2 .64 0.095

25 -2 5 .7 4

0 .4 8 0.083

40 -27 .06
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TABLE 22: Standard Therm odynam ic param eters of 

adsorption  for Anionic S u rfactan ts

Compd

AG‘ ad AH0 , AS° ,ad ad
T (°C ) (kJ m ol-1) (kJ mol"1) (kJ m o l^ K -1 )

C10S 10 ■23.G4

2 .4 0.092

25 -25.02

25 -31 .61

25 -2 8 .5 0

25 -3 5 .4 8

- 1.8 0 .078

C12S

40

10

-26.16

30.20

-3 .7 0.093

-5 .7 0.087

C1qEOS

40

10

-3 2 .7 0

-27 .11

-0 .7 0.093

-2 .7 0 .086

c 12e ° s

40

10

-29 .81

-3 4 .4 8

-6 .9 0.096

-9 .7

0.086

40 -3 6 .7 8
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C12SO 25 -32.25

C12EOSO 10 -34 .35

25 -35 .90

40 -37 .00

C12E 02S 0  10 -35 .69

25 -37.32

-5 .1  0.103

-1 2 .5  0.078

-4 .9  0.109

-5 .8  0.106

40 -38.91
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The AG° , va lu es, to geth er  w ith the AH° , and AS° , values  ad ad ad

calcu lated  from equation (47) and (4 8 ), are lis te d  in Table 22.

3 .4 .2  D iscussion

At all ionic s tr e n g th s , the cmc v a lu es  for the su lfa tes are s lig h tly

low er than for the correspon d in g  su lfo n a tes . The cmc va lues decrease

w ith the inclusion  of oxyeth y len e  grou p s into the a lkyl su lfa te  or

alkanesu lfonate m olecule, confirm ing earlier in vestig a tio n s (97 ,98) on

eth en oxy la ted  su lfa tes . T h is is  in con trast to the situation  in nonionic

eth en oxy la ted  alcohols, w here in crease  in o x y eth y len e  content of the

molecule in creases  the cmc, a ttr ib u ted  to grea ter  ster ic  inhibition  for

m icellization b y  the o x y eth y len a ted  p ro d u cts.

The A va lues for the a lkyl su lfa te s  and the eth en oxy la ted

su lfa tes  are comparable to th ose  of the correspond ing  su lfon ates under

the same conditions of ionic s tr e n g th  and tem perature. The introduction

of one oxyeth y len e  group into  th e a lk y l su lfa tes  or alkane su lfonates

have little  e ffe c t  on the area p er m olecule as seen  b y  the comparable

A . va lu es for C,_.S and CL ..EOS, C, _S and C.„EO S, and Cin SO, and  min 10 10 12 12 12

C^EOSO r e sp ec tiv e ly . T he in troduction  of a second  o x yeth y len e

group , how ever, in creases th e A . , a s seen  for C ,„EOriSO.mm 12 2

The in vestiga tion  of the ser ie s  (OC^H^^OSO^Na , w here n

= 0 to  4 , b y  Lange e t al (99) , show ed that th e area in crease  w ith  

in creasin g  n was smaller for n < 2 than for n > 2. In addition , th is
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in crease  in area per molecule for the above ser ie s  was found to be

sm aller at n = 0 to n = 2 , and la rg er  at n > 2 , than for the

correspon d in g  nonionic com pounds.

The e ffic ien cy  of su rface ten sion  red u ction , as m easured by the

pC£Q va lu e , is  greater for th e su lfa tes  than for the correspond ing

su lfo n a tes . E fficiency  in su rface ten sion  reduction  in crea ses  w ith the

in troduction  of an o x y eth y len e  unit for both  su lfa tes  and su lfon ates.

For the eth en oxy la ted  su lfa te s , the in crease  in e ffic ien cy  is  greater for

th e in troduction  of the f ir s t  o x y eth y len e  unit than for the secon d .

T h is a g rees  w ith the re su lts  of Lange et al (99) on p o lyeth en oxylated

su lfa te s . T heir work also show s the re la tive  in crease  in P ^ o  v&lue to

be sm aller going  from n = 2 to 4 than from n = 1 to  2.

The e ffe c tiv e n e ss  of su rface  ten sion  red u ction , g iven  b y  ir , iscm c’

almost same in pure w ater for th e mono oxy eth y len a ted  compounds and

th eir  correspon d in g  non e th en oxy la ted  com pounds. T h is appears to be

due to the similar su rface areas and cm c/C 2Q va lu es for th ese

com pounds. On the other hand the ir value is v ery  much smallercmc

for the 0 2̂ 2 0 ^ 8 0  due to its  larger  area per molecule and smaller

cm c/C ^Q  at the aqueous so lu tion /a ir  in terfa ce .

In con trast to w hat is  o b serv ed  in pure w ater, the

m onoxyethylenated  su lfa te , C ,nEOSO, show s a la rg er  tt value in12 cmc

0 .1  M NaCl than its  a lkyl su lfa te , C ^ S O . T his is  also tru e for the
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alkanesulfonate C ^ S , and its  m qnoxyethylenated d er iv a tiv es , C^^EOS.

T h is greater e ffe c tiv e n e ss  in surface tension  reduction  appears to be

due to the larger cm c/C ^  ra tio s, for eth en oxy la ted  compounds in

solu tions of h igh  ionic s tr e n g th s . As m olecules pack more closely

togeth er  bulky oxyeth y len e  groups show ster ic  e ffec t in m icellization

more than in adsorption .

From the above su rface and micellar p rop erties it appears that the

inclusion  of o x yeth y len e  u n its adjacent to the hydrophilic head groups

resu lts  - in an in crease in the h ydrophob icity  both for the p rocess of

m icellization and for adsorption  at aqueous so lu tion /a ir  in terface of

th ese  ty p es  of ionic m olecules. T h ese tren d s in su rface properties are

v e r y  well reflected  in the thermodynamic p rop erties of m icellization and

adsorption  for the com pounds.

The standard free en erg ies  of m icellization for the eth en oxylated

su lfa tes  and su lfonates are more n egative  than those for the

correspond ing nonethenoxylated  com pounds. T h is is  in contrast to the

e ffec t in nonionic po lyeth en oxylated  a lcohols, w here AG° . was foundmic

to become le ss  n egative  w ith the in crease in o x y eth y len e  conten t of the 

m olecule. On the other hand, for the p rocess of adsorption  at the 

aqueous so lu tion /a ir  in terfa ce , we see  a s ig n ifican t in crease  in the 

n egative  value of the standard free  en erg y  of adsorption  w ith increase  

in oxyeth y len e  con ten t, w hereas for the nonionic polyethenoxylated
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alcohols the in crease  in the n eg a tiv e  standard  free  e n erg y  of adsorption  

w as found to be re la tiv e ly  small (108 ).

From th e inform ation obtained  in the p resen t s tu d y , the follow ing  

mechanism is p ostu la ted  to exp la in  th e su rface  and m icellar p rop erties  of 

th ese  e th en oxy la ted  anionic su rfa cta n ts.

The in crease  in th e so lu b ility  in w ater upon inclusion  of o x yeth y len e  

u n its  in to  p o lyoxyeth y len a ted  su lfa tes  and su lfon ates and into nonionic  

p o lyoxyeth y len a ted  alcohols s u g g e s ts  that the o x y eth y len e  u n its  of th ese  

m olecules are so lvated  b y  w ater m olecules. In th e  case  of the ionic 

su rfa c ta n ts , the cou n ter  ions w ill a lso  be so lvated  b y  w ater m olecules. 

On m icelle form ation or adsorption  at the in ter fa c e , w here le ss  

hyd ration  is  e x p e c te d , it is lik e ly  for favou rab ly -p o sitio n ed  eth er  

o x y g e n s  of the o x y eth y len e  u n its  to coordinate w ith  the p o sitiv e  

co u n ter io n s .

On com plexation , the o x y eth y len e  u n its  and th e cou n ter ions are  

d eh yd rated  and th e e x te n t  of dehydration  is  determ ined b y  th e  

c lo sen ess  of th e approach o f th e  o x y g en s  of the o x y eth y len e  u n its  to 

the prim ary coordination site  of the cou n ter ion s. As th e o x y eth y len e  

u n its  g e t fu rth er  away from th e h ydrophilic  head group the o x y eth y len e  

chains have to bend around (or crow n) in  ord er for th eir  o x y g en s  to 

approach the cou n terion s for coordination  but th is  will lead to some lo ss  

of con figurational en tro p y  for the m olecu les.
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. From m olecular models it  is  seen  th at, for the m onoethenoxylated

su lfo n a tes, the eth er  o x y g en s  o f the o x y eth y len e  u n its  can approach

th e counterions w ith little  change in configuration  of the a lk y l chain or

th e  o x y eth y len e  u n its , i . e . ,  there is  little  d ifferen ce  in the

area/m olecule of the eth en oxy la ted  su lfonate w ith th is  con figuration  and

the u n eth en oxy la ted  su lfon ate . On the other hand, th ese  m odels show

a larger  area per m olecule for the m onoethenoxylated  su lfa te  C EO SO,16 6

and a s till larg er  area for the d ieth en oxy la ted  compound, 

w ith their  o x y eth y len e  u n its  in close approach to the counterion , 

compared to the u n eth en oxy la ted  su lfa te . T his is  co n sista n t w ith the  

experim ental r e su lts  (T able 23) .
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TABLE 23

Compound A* A . mm

(nm^ x  100) (nm^ x  100)

OT“l
o

31.2 51 .8

C12S 32 .0 56.7

c ioEOS 34 .5 51 .5

C12EOS 35 .0 56 .9

C12S° 32.6 52 .5

C12EOSO 4 0 .4 56 .8

C12E0 2SO 50.2 63 .2

s'c Area per m olecule determ ined from m olecular m odels, w ith ’ the

o x y eth y len e  u n its , for o x y eth y len a ted  com pounds, approach ing th e polar

head grou p .

T he cordination of counterions to  the o x y eth y len e  g rou p s upon

m icellization w ill release the h yd rogen bonded w ater m olecules from the

eth er  o x y g en s  and the counterions to the bulk p h a se , m aking th e
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p ro cess  en ergetica lly  more favourab le. T his is  apparent from the

AH0 va lues in T ables 97 to 101. w here for both su lfa tes  andmic

su lfon ates the AH°m.c v a lu es  are le s s  p o s itiv e  for the eth en oxy la ted

m aterials, w hen compared to th e n on eth en oxylated  o n es. T hese tren d s

in en th a lp y  are also o b served  for the p ro cess  of adsorption (Table

22). H ere, exotherm ic bond formation betw een  counterions and eth er

o x y g en s  may facilitate the d eso lvation  of the h yd rated  eth er  o x y g en s  of

the eth en oxy la ted  su lfa tes  and su lfo n a tes.

For the ser ie s  C1o (E 0) SO, w here n = 0 ,1  and 2, the AG° .12 n mic

value in creases  b y  3 .3  kJ mol  ̂ from n = 0 to  1 and b y  only 3 .7  kJ

mol  ̂ from n = 0 to 2. T h erefore , as the o x y eth y len e  u n its  get fu rth er

away from th e  hydrophilic  head group it appears th a t th e ir  contribution

to th e free en erg y  of m icellization becom es le s s .  The smaller e ffe c t  of

the second o x y eth y len e  group is  due mainly to the greater  h eat of

desolvation  in volved  in tra n sfer in g  a B o x y eth y len e  unit from the bulk

phase to the m icelle. The o b serv ed  in crease  in  the AH° . value ismic

e x p ec te d , due to the sm aller ab ility  of the B o x y eth y len e  u n it to

com plex w ith the counter ion , b ecau se of its  le s s  favorab le position  w ith

r e sp e c t to it .  T his in crease in  en th a lp y  for C^EC^SO is  also

o b served  for the p ro cess  of adsorption  at aqueous so lu tion /a ir

in ter fa ce , as seen  from the more p o sitiv e  AS° , and AH° , va lu esad ad

for C „EO„SO, compared to C.„EOSO. T he AH° , va lu es are le s s  ±z z lz  ad
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p ositive  for C^^EOS and C ^EO S than  for th eir  correspon d in g  non 

e th en oxy la ted  com pounds, b u t, th ese  d ifferen ces  are much smaller than  

for the p rocess of m icellization, in d icatin g  that le s s  bonds betw een  

p o lyoxyeth y len e  chains and w ater m olecules are broken in th e p ro cess  

of adsorption  than in m icellization.

T he ch an ges in ^ ° mic v a lu es  on the o ther hand are in sign ifican t  

for  the eth en oxy la ted  su lfa te  and su lfo n a tes, w hen compared to  th eir  

correspon d in g  n on eth en oxy la ted  com pounds. T h is may be due to two 

op p osing  e f fe c ts , the lo ss  of configurational en trop y  on one hand and  

th e  gain of en trop y  due to the re lease  of so lvated  w ater m olecules from  

th e eth er  o x y g en s  on m icellization.

T he dehydration  of th e  o x y eth y len e  chains as a re su lt  of the  

com plexation of the cou n terion s to  the eth er  o x g en s  in the su lfa tes  on 

m icellization is  su b stan tia ted  b y  s tu d ies  on the hydration  p ro p erties  of 

p o lyoxyeth y len ated  su lfa te s . Tokiwa e t  al (9 8 ), from in tr in sic  v isco c ity  

and frictional ratio m easurem ents, have shown that the hydration  

behavior of the mono- and d ieth en oxy la ted  d o d ecy lsu lfa tes  is  similar to  

d o d ecy lsu lfa tes , the o x y eth y len e  u n its  show ing no in flu en ce . B eyond  

two o xyeth y len e  u n its , the h yd ration  behavior w as found to in crease  in 

a linear manner up to 10 o x y e th y len e  co n ten t.

F urther ev idence for th is  mechanism of com plexation comes from the  

in flu en ce of e lec tro ly te  on th e cmc and C v a lu es . T he in flu en ce  of
C t \ J



electro ly te  on the cmc and on C^q is ex p r e sse d  as a ratio of th ese  

va lu es in the ab sen ce of e lec tro ly te  and in the p resen ce  o f 0 .1  M NaCl. 

As shown in Table 106, th ese  ratios are con sid erab ly  la rg er  for  the  

eth en o x y la ted  su lfa tes  and su lfon ates than for  th eir  correspond ing  

n on eth en oxy la ted  com pounds. With in crease  in ionic s tr e n g th , approach  

of th e cations to  the com plexation s ite s  will be c lo ser . T h is w ill cause  

a g rea ter  d egree of dehydration  of th e  o x y eth y len e  chains at the  

aqueous so lu tio n /a ir  in terface  and on m icellization, r e su ltin g  in smaller 

va lu es of cmc and C^q and th erefo re  la r g er -ra tio s  for the above su rface  

p ro p erties  of the e th en oxy la ted  su lfa tes  and su lfo n a tes, compared to  the  

corresp on d in g  n on eth en oxy la ted  com pounds.
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TABLE 24

Compound Cm c/cm c(0.1M ) C 2q /C 2q(0 . 1M)

C1QS 2 .02  3 .98

C1()EOS 2 .92  G. 59

C12S - - -  10.27

C12EOS - - -  20 .89

C SO 5 .0 8  10.37

C12EOSO 9 .0 9  25.15

C12E 0 2 S°  9-76 27-57

R ecent stu d ies  on b inary m ixtures of su r fa c ta n ts , (113), in  which  

the e f fe c t  of the ionic s tr e n g th  of th e solution  on, (5 , th e  param eter  

m easuring th e in teraction  betw een  two d iffere n t su rfa cta n ts  at the  

aqueous so lu tion /a ir  in terfa ce , fu rth er  su b sta n tia te  the com plexation  

th e o r y .



The va lu es of (3 for th ree system s are shown in Table 25. The 

nonionic - cationic in teraction  is  found to d ecrease  stea d ily  with  

in crease  in NaCl con ten t of the so lu tion , and th is has been exp la ined  in 

term s of th e com pression of the double la y e r  w ith in crease  in salt 

con cen tration . For the nonionic - anionic sy ste m s, th ere  is  an in crease  

in  the in teraction  betw een  the su rfa cta n ts  w ith in crease  in the ionic 

s tren g th  of the solution  to 0 .1  M. T h is in crease  in 3 has been

exp la ined  as b ein g  due to com plexation of sodium  ions w ith  th e eth er  

o x y g en s  of the p o lyoxyeth y len e  chain of th e nonionic su rfactan t,

th ereb y  p rod u cin g  an e lectrosta tic  in teraction  b etw een  th e now  

p o sitiv e ly  ch arged  nonionic and th e anionic su rfa cta n t. T he close  

p resen ce  of th e  n eg a tiv e ly  charged  head group of th e anionic is

ex p ected  to be n ecessa ry  for th is  com plexing of sodium ions w ith  the  

eth er  o x y g e n s . T h erefore , in th e case  of th e p o lyeth en oxy la ted

n on ion ic-a lk y l pyridinium  system  (E 08 - C ^ N C l) th is  in teraction  will be 

a b sen t due to the lack  of a n eg a tiv e ly  ch arged  head group in close  

proxim ity to the e th er  o x y g en s  of the p o lyoxy eth y len a ted  nonionic  

alcohols. An e th en oxy la ted  su lfa te or su lfon ate  is  similar in nature to 

an an io n ic -p o ly o x y eth y len a ted  nonionic m ixture and th erefore  should  

show  sim ilar com plexation behavior for sodium ion s.
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TABLE 25

E ffect of Ionic S tren gth  Solution on 3

System  Medium 3

E 0 8 -C 12NC1 H20  - 2 . 8

E 0 8 -C 12NC1 0 .1  M T . I . S .  (NaCl) - 2 . 2

E 0 8 -C 12NC1 0 .5  M T . I . S .  (NaCl) - 1 . 5

E 0 8 -C 12S 0  H20  - 2 . 7

E 0 8 -C 12S 0  0 .1  M T . I . S .  (NaCl) - 3 . 5

E 0 8 -C 12S 0  0 .5  M T . I . S .  (NaCl) -3 . 1

E 0 8 -C 12S H20  - 1 . 5

E 0 8 -C 12S 0 .1  M T . I . S .  (NaCl) - 2 . 6

E 0 8 -C 12S 0 .5  M T . I . S .  (NaCl) - 2 . 0
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An alternative to  the com plexation theory  p resen ted  above for  

exp la in in g  the m icellar and su rface p rop erties of the p o lyoxyeth y len ated  

anionic com pounds is  the e lectro sta tic  se lf-p o ten tia l th eory , f ir s t  

su g g e ste d  b y  S tig ter  (114 ), T h is th eory  has been u se fu l in exp la in in g  

the d ifferen ces  in th e critica l micelle concentrations of ionic su rfactan ts  

in  term s o f th e  c lo sen ess  of the hydrophilic head grou p s to the a 

carbon atom of the a lk y l chain of th e  su rfactan t m olecule.

K levens (115) has compared the cmc data for  sev era l homologous 

ser ie s  of ionic su r fa c ta n ts , and concluded  that In cmc v aries  linearly  

with the total len g th  of the su rfactan t ion , in clud ing  the d istance  

betw een  th e a carbon and head group ch arge. H ow ever, su b seq u en t  

in vestig a tio n  b y  S tig ter  on ionic su rfactan ts con tain ing fiv e  d ifferen t  

hydrophilic term inal groups found th at, K lev en s1 em pirical rela tionsh ip  

is  a v e r y  approxim ate one. For the fiv e  d ifferen t ion ic su rfactan ts  

in v estig a ted , it was found that the cmc is h igh er when th e ionic charge  

on the head group is c lo ser  to th e a carbon atom in the a lkyl chain . 

A correlation  betw een  the In cmc and the d istan ce betw een  the carbon  

was exp la ined  q u an tita tive ly  b y  S tig ter  in term s of th e  in crease  in  

electro sta tic  se lf  potential of the su rfactan t ion w hen, in m icellization, 

the head group m oves from bulk w ater, w hich has a h ig h er  d ie lectr ic  

co n stan t, to the v ic in ity  of the low  d ie lectr ic  con stan t, non polar core  

of the m icelle. T h is theory  is  b ased  on the assum ption th a t the
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m ethylene group of th e su rfactan t ion is  contained  in the m icelle core  

and that the core-w ater  in terface  is  located  at a d istan ce  of 0 .4  to 1 .2  

A from the cen ter  of the a carbon atom. On the b a sis  of th is  th eo ry , 

th e c loser  d istan ce o f the ionic charge of a su lfonate to  it s  a carbon  

atom, compared to a su lfa te , req u ires more work to move it s  e lectr ic  

charge to a medium of low er d ie lectric  co n stan t. T h is exp la in s the le ss  

n egative  ^ ° m ic  va*u es ôr su lfon ates w hen compared to the

correspon d in g  su lfa te s .

T his same argum ent could be ex ten d ed  to exp la in  th e  more n egative  

standard free  en erg ies  of m icellization of the eth en oxy la ted  su lfa tes  and  

su lfo n a tes, w hen compared to th eir  corresp on d in g  n on eth en oxylated  

com pounds. For th e m onoethenoxylated  su lfa tes  and su lfon ates it is  

p ossib le  that on m icellization , the o x y eth y len e  u n it is  not tra n sferred  

to  the micelle core , b u t in stea d , rem ains ex ten d ed  in to  the bulk  p h ase . 

As su ch , the ionic ch arge of the C ^E O S and C^EO SO  be fu rth er

away from the a  carbon atom or the micelle core than th e  correspond ing  

charge on anc* ^12^^ ‘ T h is , in tu rn , would reduce the

electro sta tic  se lf  poten tia l involved  in b r in g in g  th e  ionic head group of 

C ^EO S or C^EO SO  to the v ic in ity  of th e  m icelle core , and  

con seq u en tly  make th eir  AG°m ĉ v a lu es  more n eg a tiv e  than  th o se  for the  

correspon d in g  n on eth en oxy la ted  m aterials.



A lthough eith er  of th ese  models could exp lain  the thermodynamic 

param eters, it  is  also  v e r y  like ly  that both  th ese  th eories could  

complement each  o th er . On the o th er hand, the data on the e ffec t of 

ionic s tr e n g th  on cmc and v a lu es , the in teraction  param eters for

a n io n ic-p o lyoxyeth y len a ted  nonionic b inary m ixtu res, and the micellar 

h ydration  num bers show  that th ere is  d efin ite  in teraction  betw een the  

eth er  o x y g e n s  and the counterions of the p o lyoxyeth y len a ted  ionic 

su rfactan t, th erefore  p lacing more em phasis on the com plexation theory  

p resen ted  ab ove.



C hapter IV

Chemical S tru ctu re  - P rop erty  re la tion sh ip s of su rfa cta n ts

In th is  section  a b rie f s tu d y  was made of chemical s tru c tu re -

perform ance p ro p erty  re la tion sh ip s in the ion ics and b e ta in e -ty p e  of

su rfactan ts d iscu sse d  in part I.

4 .1  T extile  w ettin g  in aqueous solu tion

4 . 1 . 1  Experim ental : -

T he perform ance ra tin g  of the su rfactan t was determ ined u sin g  th e  

D raves te s t  (116) .  Standard cotton sk e in s of g ray , unboiled , 2 p ly  

yarn folded to form 18-in  loop s, each  sk ein  w eigh in g  5 .0 0 g , w ere  

pu rch ased  from T est F ab rics, I n c . ,  M iddlesex, N . J . ,  and u sed  as

rece iv ed .

Solutions of su rfa cta n ts  of concentration  of 1 g /L  w ere made w ith  

deionized d istilled  w ater. S u b seq u en t con cen trations w ere made b y  

d ilu ting  th is  stock  so lu tion . A 500 ml graduated  cy lin d er w as filled  to

- 150 -
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the mark with th e su rfactan t so lu tion . T em perature control was 

maintained at ±1°C by p lacing  the graduated  cy lin d er in a large  

therm ostatted  w ater b ath . A 3 -g  s ta in le ss  s te e l hook and 5 0 -g anchor  

w ere attached  to one en d  of th e  sk ein . T he sk e in , tog eth er  w ith the  

hook and anchor, was re lea sed  v ertica lly  in to  the su rfactan t so lu tion . 

The skein  is  com pletely immersed in the so lu tion , b u t is  buoyed  up by  

the attached  air b u b b les. T he w ettin g  out time (WOT) is  the time (in  

sec) for the fu lly  im m ersed sk ein  to s ta r t  to s in k . T his is  u sua lly  

taken  as that betw een  th e  sk ein  re lease  time and th e time w hen the  

hook s ta r ts  to  sin k  in  th e so lu tion . W etting out times (WOT) at 

concentrations of 1 g /L  or low er w ere done at lea st in d u p licate , 

gen era lly  in tr ip lica te .

4.1.2 Discussion

The w ettin g  out tim es for  the su rfa cta n ts  stud ied  are liste d  in Table  

26 togeth er  with the corresp on d in g  tt v a lu es . Log - log  p lots o f WOT 

(in  sec) as a fu n ction  o f in itia l concentration  (C) of su rfactan t (in  mol 

L “) at 25°C for C ^E O SO , 0 ^ ^ 0 2 8 0 , anc* ^ 12^  are s ^own *n

Figure XXXIV.
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TABLE: 26 Performance Properties of Purified Surfactants 
Draves Wetting at 25*C

Compd Medium C,(mol dm“3 X 103) C,(g/1) T!(mNm“^) WOT(sec)

C10s h2o 4.01 1.00 4.0 >300

0.1 M 4.01 1.00 18.0 93.0

0.2 M 4.01 1.00 ------ 65.0

C12S h2o 3.67 1.00 18.0 28.0

n 3.31 0.90 16.8 40.7

11 3.02 . 0.80 16.0 50.1

11 2.76 0.75 14.0 68.0

11 . 00 0 .50 ------- 73.0

C1 2 SO h2o 3.4 1.00 22.0 7.5

11 1.7 0.50 14.0 40.0

Cl2EOSO h2o 2.92 1.00 28.6 6.0

II 2.17 0.75 23.8 9.0

II 1.46 0.50 18.6 16.0

0.1 M 2.57 0.88 38.6 6.1

it 2.07 0.71 38.6 8.5

n 1.62 0.55 38.6 12.0

it 1.45 0.50 38.6 14.0
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a o n t ' d

TABLE: 26 Performance Properties of Purified Surfactants 
Draves Wetting at 25°C

Compd Medium C,(mol dm"3 X 103) C,(g/1) n (mNm“l) WOT(sec)

C22E02SO h2o 2.66 1.00 30.0 11.1

f t 2.00 0.75 25.9 14.0

I t 1.33 0.50 17.0 23.1

0.1 M 2.66 1.00 36.5 13.0

VI 2.18 0.82 36.5 15.5

11 1.45 0.55 36.5 24.1

c12nci h2o 3.52 1.00 28.3 250

Ci2NBr h2o 3.04 1.00 32.9 250

C10BMG h2o 3.13 1.00 38.0 250

C1 2 BMG h2o 2.87 1.00 39.0 250
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The concentrations in pure water at which WOT were determined  

were all below the cmc for the re sp ect iv e  compounds. L og-log plots of  

WOT (in sec )  v s  bulk concentration show a linear relationship in the  

range of 0 .5 - 1 .0  g /L  (Figure XXXIV), for C ^ S O , C^EOSO and 

C ^ IX ^ S O . o f  the three su lfates  s tud ied , the most e ffec t ive  w etting  

agent appears to be C EOSO.JLCt

Although the reduction  in surface tension  b y  C^EOSO at 1 g /L  is  

substantia lly  greater  than that of C ^ S O , the d ifference  in WOT is  

rela tively  small. C^^EO^SO, although it p rod uces  a larger  surface  

tension  reduction  than C ^ S O  or C^EOSO at 1 g /L ,  shows a larger  

w etting  time. Equilibrium surface tension  is therefore  apparently  not 

the controlling factor.

Since adsorption and d iffusion are known to have neglig ib le  e f fec t  

on the ra tes  of w etting  (117) b y  ionic su rfactan ts ,  it is probable that  

in th is  case the d ifferences  in WOT are due to the dynamic surface  

tension  v a lu e s .

The bu lk iness  of the hydrophilic  heads, due to the hydration of the  

eth er  o x y g en s  in the oxyeth y len ated  su lfa tes ,  may retard  the diffusion  

of the surfactant to the w etting  front, th u s ,  overcom ing any potential 

reduction in WOT due to the static (equilibrium) su rface  tension  value.
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For the two e thenoxylated  su lfates  in 0 .1  M NaCl, the WOT values  

are almost comparable to those in pure w ater at the same concentration  

(in g /L ) ,  ev en  though  the n'cmc va lu es ,  are substantia lly  larger  in 0 .1

M NaCl. Since the concentrations at which WOT values  were taken in

0 .1  M NaCl are all above the cmc (in 0.1M NaCl) of the compounds, the  

data confirm the ob servation  made b y  o th ers  (117,118) that, for low cmc 

su rfac tan ts ,  d iffusion and dissociation of micelles into monomers appears  

to  be the slow rate-contro lling  process  in w ett in g .

For there is  a sharp decrease  in w etting  time going from pure

w ater to 0 .1  M NaCl. All solutions were below the cmc of the material. 

The data indicate that w etting  for th is  h igh  cmc product is primarily a

function  of the surface tension  reduction at the w etting  front.

The WOT resu lts  in Table 26 show that both cationic and

zwitterionic su rfactan ts  are poor w etting  a g e n t s .

T he cationic su rfactan ts  are known to be poor w etting  agen ts  due to

their  adsorption  onto the n ega tive ly  charged  s ite s  on the textile  f ib res .

Such adsorption will make the su rface  of the su bstra te  more

hydrophobic due to the orientation of the hydrophobic tails of the  

cationic su rfactants  towards the aqueous p h ase ,  and will also deplete  

the surfactant at the w etting  fron t .  Both th e se  factors  will resu lt  in 

an increase  in interfacial ten sion  betw een  the su b stra te  and the aqueous  

p hase .
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The surface properties  of zwitterionic betaines in water are known 

to be determ ined in part b y  the concentration of the protonated  

cationic form in equilibrium with the zwitterionic (119). The poor 

w etting  properties  of the b eta in es  appear to be due to the interaction of 

the cationic sp ec ies  with the n ega tive ly  charged  s ite s  on the cellulose  

sk e in s ,  in a manner similar to that o f  the alkylpyridinium  halides.

4.2 Foaming in aqueous solution.

The e f fe c t iv e n e s s  of the su rfac tan ts  as foaming agen ts  was determined  

b y  u se  of the Ross-M iles method (120) .

4.2.1 Experimental

The apparatus and p roced u re  used  w ere th ose  of A .S .T .M  method 

D1173-53 (121).  The foam cy lin der  u sed  had an internal diameter of 

4 .89  ± 0.1cm at 60°C. The foam cy l in d e r  was cleaned b y  passing  hot 

1:9 HNO -H SO m ixture down the w alls , followed b y  r insing  withO  ̂ n

d istilled  w ater , and finally  w ith  q uartz-d ist il led  w ater.

T he wall of the foam cylinder was r insed  with a 60 ml of the  

surfactan t solution w hose foaming p rop ertie s  w ere to be measured. The 

stopcock  at the bottom of the cy lin der  was adjusted  so that the solution



filled exactly  to the 50 ml mark in the foam cy lin der . Water at 60°C 

was circulated  through  the outer jacket of the foam cylinder. The  

graduated pipet was filled exactly  to the 200 ml mark, at room 

tem perature, and was placed at the top of the foam cylinder. The  

solution in the p ipet was allowed to drain into the foam cylinder b y  

open ing the stopcock of the p ipet.

Initial foam heigh t of the solution was taken as th e  height of the  

foam after the last  drop of the solution had drained from the p ipet. A 

second  reading of the foam heigh t was taken 5 minutes after the initial 

foam h eigh t had been measured.
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TABLE: 27., Foaming effectiveness of aqueous surfactant solution

Surfactant G*(mol dm  ̂ X 10^) *̂ cmc
(40°C)

Foam Height (mm) 

I n i t ia l  After 5 mins

C10S 28.10 29.2 160 5

Ci2 S 12.00 31.0 190 125

c 12so 7.85 28.0 220 200

Cĵ EOSO 4.28 30.4 246 241

C^EO^O 2.81 28.6 180 131

C12NBr 11.30 30.8 135 3

C^qBMG 4.50 36.3 35 2

C12BMG 5.30 37.6 50 2

* Here, the concentrations at cmc were used for the respective compounds, 

in the determination of their foaming properties.
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4 . 2 . 2  D iscussion

Table 27 l is ts  the foaming e f fe c t iv e n e ss  of the su rfactan ts  in aqueous  

solution. Of the three su lfa tes ,  C „SO, C EOSO and C EO SO,
Xc* x A  \.Z t Ci

C^EOSO shows the g rea te st  foam h e igh ts  and foam stabilit ies ,  followed

closely  b y  C ^ S O . On the other hand, C.|^E0 2 SO produces

considerab ly  le s s  initial foam and shows much poorer foam stability  than  

C12SO or C^EOSO.

The larger  area per  molecule for C EO SO will redu ce  th eJ. C l  C l

intermolecular cohesive  forces  in the interfacial film, th u s ,  red u cing  the

stab ility  of the foam produced; th e  sm aller tt for  th is  compound w illcmc

resu lt  in le ss  initial foam.

The cationic surfactant,  dodecyl pyridinium bromide, produces le ss

initial foam and a much le s s  stable foam than do the anionic su rfactan ts  

in aqueous medium. This appears to be mainly due to the adsorption of  

cationic surfactant onto the n ega tive ly  ch arged  s ites  on the surface  of 

the g lass  tube u sed  in the  te s t ,  thus making the tube hydrophobic.  

T his , in addition to increasin g  th e  interfacial tension  betw een  the tube  

and the aqueous solution, will a lso red u ce  the e ffec t ive  concentration of 

the surfactant for the film formation. Evidence for th is  was the  

breaking of the foam from the tube surface  inward towards the cen ter .



The foaming data for the two beta ines ,  C^^BMG and C^BMG, show  

these  compounds to have poor foaming capacities , poorer than the  

nonionics, and even  poorer than the cationic. The absence of a 

significant electrical charge on the two su rfaces  of the foam film, to 

help stabilization of the foam film b y  mutual repulsion  of the two 

su rfaces ,  is probably the cause of the poor foaming properties  of these  

materials. In addition, the adsorption of the protonated cationic species  

of these  betaines onto the g la ss  wall of the tube will both decrease  the  

concentration of the surfactant in the bulk phase as well as increase  

the interfacial tension , th ereb y  making for  poor film volume and  

stability .
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A ppendix

TABLE: A1 Surface p ressu r e  v s . a c tiv ity  data

Compd Temp: Medium 3f0 (mNm

C 12NBr 10° C H2° 74.25

- log  C -lo g  V -log  fx - - log  a Tt(mNm *)

1.5304 0.0637 0.0729 1.5987 34.78

1.8318 0.0486 0.0538 1.8830 34.43

2.0389 0.0400 0.0434 2.0806 21.15

2.0847 0.0382 0.0414 2.1245 29.78

2.1895 0.0345 0.0370 2.2252 25.25

2.3437 0.0229 0.0314 2.3742 21.23

2.5191 0.0246 0.0259 2.5444 15.15

2.8046 0.0182 0.0189 2.8232 8.51

3.3783 0.0098 0.0100 3.3882 1.83

3.4531 0.0090 0.0092 3.4621 1.28

3.5107 0.0084 0.0086 3.5192 1.16

3.6623 0.0071 0.0072 3.6695 1.35
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TABLE: A2 Surface p ressu re  v s .  ac tiv ity  data

Compd Temp: Medium 2f° (mNm

C12NBr 25°C H2o 72.80

-log  C -iog  fN + -lo g  fx - - log  a ir(mNm *)

1.5304 0.0652 0.0747 1.6004 32.90

1.8318 0.0498 0.0551 1.8843 32.82

2.0071 0.0422 0.0460 2.0512 31.10

2.0389 0.0409 0.0445 2.0816 29.58

2.0847 0.0391 0.0424 2.1255 28.57

2.1895 0.0353 0.0379 2.2260 24.09

2.2986 0.0316 0.0337 2.3313 20.16

2.3437 0.0303 0.0321 2.3749 19.83

2.5191 0.0265 0.0265 2.5450 13.67

2.5348 0.0248 0.0261 2.5603 14.25

2.6937 0.0210 0.0219 2.7152 10.14

2.8046 0.0187 0.0194 2.8236 7.13

3.0936 0.0137 0.0141 3.1075 3.56

3.1919 0.0123 0.0126 3.2043 2.36

3.2991 0.0109 0.0112 3.3101 2.06

3.3783 0.0100 0.0102 3.3884 1.82

3.4531 0.0092 0.0094 3.4624 1.65

3.5107 0.0086 0.0088 3.5194 1.22

3.5557 0.0082 0.0083 3.5640 1.10

3.6623 0.0073 0.0074 3.6696 1.29
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TABLE: A3 Surface p ressu r e  v s .  ac tiv ity  data

Compd Temp: Medium 2f° (mNm

C12NBr 40°C h 2° 69.63

-log  C -log  fN + -log  fx - -log  a it  (mNm

1.4984 0.0690 0.0794 1.5726 30.73

1.8318 0.0513 0.0568 1.8858 30.83

2.0389 0.0421 0.0458 2.0829 27.98

2.0847 0.0403 0.0436 2.1267 26.90

2.1895 0.0363 0.0390 2.2272 21.07

2.3437 0.0311 0.0331 2.3758 18.41

2.5191 0.0260 0.0273 2.5458 12.41

2.8046 0.0192 0.0200 2.8242 6.81

3.1919 0.0126 0.0130 3.2047 2.09

3.3783 0.0103 0.0105 3.3887 1.38

3.4531 0.0095 0.0097 3.4627 1 .73 '

3.5107 0.0089 0.0095 3.5197 0.95

3.6123 0.0075 0.0076 3.6699 1.23
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TABLE: A4 Surface p ressu r e  v s . a c tiv ity  data

Compd Temp Medium -log  f^ - y°(mNm *)

C12NBr 10°C 0 .1  M NaBr 0 .0967 74.66.

_1° e  CN + - log  aN + ir(mNm

2.1930 2.2897 36.96

2.4148 2.5115 36.75

2.4148 2.5115 37.01

2.4940 2.5907 36.76

2.5969 2.6876 36.32

2.7158 2.8125 34.06

2.8919 ??. ?? 30.82

3.1930 3.2897 25.31

3.4940 3.5907 19.91

3.8919 3.9886 13.44

4.1930 4.2897 9 .24

4.2899 4.3866 8.13

4.2899 4.3866 8 .43

4.5909 4.6876 5.09

4.8128 4.9095 3.52

4.9888 5.0855 2 .14
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TABLE: A5 Surface p ressu r e  v s .  ac tiv ity  data

Compd T em p . Medium -log 2f° (mNm *)

C12NBr 25°C 0.1  M NaBr 0 .0990 72.40

-log  CN+ -log aN + n(mNm ■*•)

2.1930 2.9200 35.24

2.4148 2.5138 35.18

2.4148 2.5138 35.28

2.4940 2.5930 35.19

2.5909 2.6899 34.73

2.7158 2.8148 32.47

2.8919 2.9909 28.76

3.1930 3.2092 •23.37

3.4940 3.5930 18.56

3.8919 3.9909 12.51

4.1930 4.2936 7.72

4.2899 4.3889 6.56

4.2926 4.3916 7.60

4.5909 4.6890 . 3 . 6 4

4.8128 4.9118 2.37

4.9888 5.0878 1.50
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TABLE: A6 Surface p ressu re  v s .  a c tiv ity  data

Compd Temp Medium -log  f^ - 2f°(mNm *)

C12NBr 40° C 0 .1  M NaBr 0.0990 70.02

-lQg c N+ -tog aN + it  (mNm

2.1930 2.2949 33.57

2.4148 2.5167 33.47

2.2415 2.5167 33.56

2.4940 2.5959 33.47

2.5909 2.6928 32.64

2.7158 2.8177 30.50

2.8919 2.9938 27.00

3.1930 3.2949 21.80

3.4940 3.5959 16.31

3.8919 3.9938 10.43

4.1930 4.2949 6.16

4.2899 2.3918 5.217

4.2899 4.3918 5 .74

4.5909 4.6928 2.997

4.8128 4.9147 1.71

4.8128 4.9147 2 .18

4 .9888 5.0907 1.26
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TABLE: A7 Surface p ressu re  v s .  a c tiv ity  data

Compd Temp Medium -log  f^ - y°(mNm_1)

C12NBr 10°C 0 .5  M NaBr 0 .1464 75.09

- loe  CN + - iog  aN+ it (mNm "*■)

2.4332 2.5796 38.72

2.7343 2.8807 38.82

2.8312 2.9776 38.54

3.1322 3.2786 36.36

3.4332 3.5796 30.82

3.7343 3.8807 25.72

3.9517 4.0981 21.59

4.1322 4.2786 17.76

4.4332 4.5796 12.86

4.4332 4.5796 12.996

4.5301 4.6765 12.19

4.8312 4.9776 7.70

5.0530 5.1994 5.26

5.2291 5.3759 3.69

5.3540 5.5004 2.65

5.3540 5.5004 2.996
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Compd Temp Medium -log £^- y°(mNm"1)

C12NBr 25°C 0 .5  M NaBr 0 .1500 72.82

-log  CN+ -iog  aN + it  (mNm *)

2.4332 2.5832 37.05

2.7343 2.8843 37.38

2.8312 2.9812 36.99

2.9512 -3.1017 37.42

3.1322 3.2822 34.08

3.4332 3.5832 28.65

3.7343 3.8843 23.47

3.4517 4.1017 19.42

4.1322 4.2822 15.01

4.4332 4.5832 11.02

4.4332 4.5832 11.36

4 .7328 4.6828 10.86

4.8312 4.9812 5.92

5.0530 5.2030 4.11

5.2291 5.3791 2.56

5 .3540 5.5040 1.47

5.3549 5.5040 2.54
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TABLE: A9 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium -log  f^ - Jf°(mNm ■*")

C12NBr 40°C 0 .5  M NaBr 0 .1544 70.42

< V - log  aN + Tr(mNm

2.4332 2.5876 35.53

2.7343 2.8887 . 35.78

2.8312 2.9856 35.59

3.1322 3.2866 31.42

3.4332 3.5876 26.36

3.7343 3.8887 21.22

3.9517 4.1061 17.40

4.1322 4.2866 13.43

4.4332 4.5876 8.76

4.4332 4.5876 9.03

4.5328 4.6872 8.59

4.8312 4.9856 4.49

5.0530 5.2074 2.74

5.2291 5.3835 1.83

5.3540 5.5084 1.28

5.3540 5.5084 1.24
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TABLE: A10 Surface p ressu re  v s . a c tiv ity  data

Compel Temp; Medium (mNm

C12NC1 10°C H2o 74.25

-log  C -log  V -log £x - - lo g  a ir(mNm *)

1.370G 0.0728 0.0852 1.4496 29.49

1.7782 0.0511 0.0569 1.8322 29.55

1.8711 0.0469 0.0517 1.9204 26.12

2.0690 0.0388 0.0421 2.1094 21.50

2.1959 0.0342 0.0368 2.2314 17.97

2.5599 0.0236 0.0248 2.5841 9.33

2.7027 0.0203 0.0212 2.7235 7.33

2.9921 0.0149 0.0154 3.0072 3.55

3.2050 0.0118 0.0121 3.2170 2.49

3.3229 0.0104 ■ 0.0106 3.3333 1.53

3.5090 0.0084 0.0085 3.5274 1.24
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TABLE: A l l  Surface p ressu re  v s .  a c tiv ity  data

Compd Temp: Medium (mNm 1)

C12NC1 25°C H2° 72

-log  C -!°g  £n + - lo g  £x - -log  a tt (mNm

1.3706 0.0746 0.0872 1.4515 28.27

1.7782 0.0523 0.0583 1:8335 28.26

1.8711 0.0482 0.0531 1.9218 25.95

2.0690 0.0397 0.0431 2.1104 21.22

2.1959 0.0351 0.0376 2.2323 17.02

2.5599 0.0242 0.0242 2.5850 9.00

2.7027 0.0215 0.0215 2.7243 4.20

2.9536 0.0159 0.0159 2.9698 3.45

2.9921 0.0153 0.0153 3.0076 2.43

3.2050 0.0121 0.0121 3.2173 2.25

3.3229 0.0106 0.0106 3.3336 1.55

3.5190 0.0086 0.0086 3.5676 1.14



TABLE: A12 Surface p ressu re  v s . a c tiv ity  data

Compd Temp: Medium 2f° (mNm *)

C12NC1 40°C H20  69.63

-log  C -log  f N + - log  f x *  - log  a it

1.3706 0.0768 0.0898 1.4539 26.73

1.7782 0.0539 0.0600 1.8351 26.76

1.8711 0.0494 0.0545 1.9231 25.55

2.0690 0.0409 0.0443 2.1116 20.29

2.1959 0.0361 0.0388 2.2330 16.01

2.5599 0.0249 0.0261 2.5854 7 .97

2.7027 0.0221 0.0223 2.7249 6 .17

2.9921 0.0157 0.0162 3.0081 3 .21

3.3229 0.0109 0.0112 3.3339 1.45

3.5190 0.0088 0.0090 3.5279 1.25
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TABLE: A13 Surface p ressu re  v s .  a c tiv ity  data

Compd Temp Medium -log  f^ - y°(mNm

C12NC1 10°C 0 .1  M NaCl .0967 74.56

' lo g  V -!°g  a N + -i;(mNm "*■)

2.1324 2.2291 31.85

2.2573 2.3540 31.58

2.2573 2.3540 31.85

2.4334 2.5301 28.98

2.G095 2.7062 26.04

2.8314 2.9281 22.72

3.4334 3.5301 13.76

3.5303 3.6270 12.76

3.6553 3.7520 10.94

3.8314 3.9281 8.95

4.7324 4.2291 6.53

4.530 4.6270 3.45

4.5303 4.6270 3.69

4.8314 4.9281 2 .21

5.1324 5.2291 1.35

5.1324 5.2291 1 .59
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TABLE: A14 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium "log f ^ - X°(mNm

c 12n c i 25°C 0 .1  M NaCl 0 .0990 72.30

-log c N+
'•

- iog  aN+ n(mNm

2.1324 2.2314 30.40

2.2573 2.3563 30.31

2.2573 2.3563 30.38

2.4334 2.5324 28.69

2.6095 2.7085 25.55

2.8314 2.9304 22.50

3.4334 3.5324 13.14

3.5303 3.6293 12.40

3.6553 3.7542 10.26

3.8314 3.9304 8.33

4.1324 4.2314 6.02

4.5303 4.6293 3.12

4.5303 4.6293 3.59

4.8314 4.9304 2.14

5.1324 5.2314 1.10

5.1324 5.2314 1.39
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TABLE: A15 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium "log f^ - y°(mNm ■*■)

C12NC1 40°C 0 .1  M NaCl 0 .1019 69.92

-log  V -log  aN + it  (mNm *)

2.1324 2.2343 29.07

2.2573 2.3592 29.14

2.2573 2.3592 29.20

2.4334 2.5353 27.85

2.6095 2.0814 24.24

2.8314 2.9333 21.61

3.4334 3.5353 12.08

3.5303 3.6322 11.11

3.6553 3.7572 9.23

3.8314 3.9333 7 .72

4.1324 4.2343 5.57

4.5303 4.6322 2 .80

4.5303 4.6322 2.71

4.8314 4.9333 1.74

5.1324 5.2343 1.72

5.1324 5.2343 1.16
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TABLE: A16 Surface p ressu r e  v s . a c tiv ity  data

Compd Temp Medium -log  f^ - 5f°(mNm

c 12n c i 10°C 0 .5  M NaCl 0.1464 75.13

-log  CN+ -iog  aN + it (mNm *)

2.4822 2.6286 34.11

2.7418 2.8882 33.92

2.7418 2.8882 34.30

2.8277 2.9741 32.07

2.9526 3.0990 30.06

2.9526 3.0990 30.33

3.2434 3.3898 25.13

3.5444 3.6908 19.76

4.9423 3.9918 15.99

3.9423 4.0887 14.99

4.2434 4.3898 11.23 .

4.5444 4.6908 7.16

4.9423 5.0887 5.13

5.1812 5.3276 2.96

5.2434 5.3898 2.98

5.2434 5.3898 2.98
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TABLE: A17 Surface p ressu re  v s .  a c tiv ity  data

Compd Temp Medium -log  f^.- y°(mNm ■*■)

C12NC1 25°C 0 .5  M NaCl 0.1500 72.85

- l o g  CN + - l o g  aN+ it  (mNm

2.4822 2.6322 32.76

2.4822 2.6322 32.83

2.7418 2.6322 32.83

2.7418 2.8918 32.85

2.7418 2.8918 32.75

2.8277 2.9777 31.85

2.9526 3.1026 29.37

2.9526 3.1026 29.87

3.2434 3.3934 24.05

3.5444 3.6944 19.05

3.8454 3.9954 14.96

3.9423 4.0923 14.43

4.2434 4.3934 10.00

4.5444 4.6944 7.02

4.9423 5.0923 4 .24

5.1812 5.3312 2.41

5.1812 5.3312 2 .18

5.2434 5.3934 2.32
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TABLE: A18 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium -log f^ - Z °  (mNm

C12NC1 40° C 0 .5  M NaCl 0.1544 70.45

~l ° s  c N+ - log  aN+ ir(mNm *)

2.4822 2.6366 31.53

2.4822 2.6366 31.61

2.7418 2.8962 31.62

2.7418 2.8962 31.64

2.8277 2.9821 30.25

2.9526 3.1070 27.84

2.9526 3.1070 28.43

3.2434 3.3978 23.05

3.5444 3.6988 17.85

3.8454 3.9998 13.81

3.9423 4.0967 13.04

4.2434 4.3978 9.06

4.5444 4.6988 6.18

.4.9923 5.0967 3 .66

5.1812 5.3356 1.93

5.1812 5.3356 2.05

5.2434 5.3978 1.93

5.2434 5.3978 1.89
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TABLE: A19. C onductance data for C ^ N B r at 10°C

Cax l 0 2 , ,b 1n3 W xlO kc x l 03 .d  in 3 A xlO c 1/2

2.5378 2.3162 0.9266 36.51 0.159

1.6900 2.2783 0.9113 53.86 0.130

1.4927 2.2030 0.8812 59.03 0.122

1.2353 2.0742 0.8291 67.09 0.111

1.0536 1.8758 0.7500 71.21 0.103

0.9548 1.7100 0.6849 71.63 0.098

0.6564 1.1940 0.4776 75.75 0.081

0.8631 2.2050 0.9061 104.99 0.093

TABLE: A20 Conductance data for C ^ N B r  at 25° C

Cax l 0 2 Wb x l 0 3 kc x l 03 Adx l 0 3 c1/2

2.5373 3.4600 1.4220 56.03 0.1590

1.6918 3.3200 1.3640 80.62 0.1300

1.2084 2.9400 1.2080 99.99 0.1090

1.0536 2.6650 1.0950 103.95 0.1030

0.8631 2.2050 0.9060 104.99 0 .0930

0.9548 2.4260 0.9974 104.43 0 .0980

0.6564 1.6868 0.6930 105.60 0.0810

a. mol dm 2 c . Ohm *cm ^

b . Ohm ^ d . Ohm ^ 2 . -1 cm equiv
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TABLE: A21 C onductance data for C ^ NBr at 4 0 °C

Cax l 0 2 x ,b , _3 W xlO k cx l 03 Ad ir.3 A xlO c 1/2

2.5378 4.8700 2.0360 80.21 0.1590

1.6918 4.5800 1.9140 113.16 0.1300

1.2080 3.9760 1.6620 137.53 0.1090

1.0536 3.5180 1.4710 139.57 0.1030

0.8631 2.9100 1.2170 140.42 0.0930

0.9548 3.2620 1.3380 140.17 0.0980

6.5642 2.2310 0.9320 - 142.06 0.0810

TABLE: A22 Conductance  data for C ^ N C l  at 10° C

Cax l 0 2 wb x n3 W xlO k cx l 03 Ad in3 A xlO c 1/2

2.5430 3.2030 1.2262 48.24 0.1590

2.2113 3.2570 1.2471 56.41 0.1490

1.9560 3.1800 1.2179 62.26 0.1400

1.8160 3.0890 1.1830 65.75 0.1350

1.3075 2.2800 0.8650 66 .78 0.1140

1.1670 2.0630 0.7901 67 .70 0.1080

0.9902 1.7750 0.6798 68.60 0.0990

a. mol dm 3 c. Ohm *cm ^
-1 - 1 2b.  Ohm d.  Ohm cm equiv
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TABLE: A23, Conductance data for C12NC1 at

o 
1

OmC
M

Cax l 0 2 wb» in3 xlO k cx l 03 ,d  in3 A xlO c 1/2

1.0910 2.7670 1.0708 98.24 0.1040

2.5430 4.5440 1.7580 69.13 0.1590

2.2113 4.5540 1.7624 76.69 0.1490

1.9560 4.4240 1.7121 87.53 0.1400

1.8160 4.2950 1.6620 91.52 0.1350

1.3075 3.5220 3.2522 96.26 0.1140

1.1671 2.9472 1.1410 97.74 0.1080

0.9902 2.5350 1.7750 68.60 0.0990

TABLE: A24, Conductance idata for C ^ N C l  at 40° C

Cax l 0 2 wb) , n3 xlO k cx l 03 .d ir.3 A xlO c 1/2

2.2113 6.2040 2.4009 108.57 0.149

1.9560 5.9700 2.3100 118.12 . 0.140

1.8160 5.7680 2.2320 122.92 0.135

1.3075 4.2922 1.6610 127.04 0.114

1.1670 3.9140 1.5150 129.82 0.108

0.9902 1.7750 0.6798 131.60 0.093

0.8598 2.9450 1.1400 132.60 0.093

a. mol dm 3 c.  Ohm *cm ^

b . Ohm  ̂ d . Ohm ^cm2 equiv
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TABLE: A25

log (CMC. f ) v s  log (C . f  ) data for C „NBr
X' '

T I -log CMC -log  Cx " -log  f + -log f_

10 h 2° 1.9315 1.9315 0.0443 0.0486

0 .1 M 2 . 5G07 1.0000 0.0966 0.0120

0 .5 M 2.9706 0.3010 0.1464 0.2067

25 h 2° 1.9390 1.9390 0.0450 0.0494

0 .1 M 2.5607 1.000 0.9660 0.1226

0 .5 M 2.9666 0.3010 0.1500 0.2117

40 h 2° 1.9582 1.9582 0.0455 0.0498

0 .1 M 2.5452 1.0000 0.1019 0.1262

0 .5 M 2.9355 0.3010 0.1544 0.2179
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TABLE: A2G

log (cmc.£+) v s  log (C data for C ^ N C l

T I - log  CMC -log  Cx ~ - log  f + - log  f_

10 h 2° 1.7641 1.7641 0.0517 0.0577

0 .1  M 2.2596 1.0000 0.0966 0.1200

0 .5  M 2.7212 0.3010 0 .1464 0.2067

25°C h 2° 1.7901 1.7901 0.0517 0.0575

0 .1  M 2.3188 1.0000 0.9900 1.226

0 .5  M 2.7296 0.3010 0 .1500 0.2117

40°C h 2° 1.8090 0.8090 0.0523 0.0580

0 .1  M 2.3468 1.0000 0.1019 0.1262

0 .5  M 2.7496 0.3010 0.1544 0.2179



184

TABLE: A 27,% Effective electrical  coef ficients  of  micellization for  

the surfactants .

m/n

Compd 10°C 25°C 40°C

C12NBr 0 .78  0 .77  0 .73

C 12NC1 0 .80  0 .79  0 .77

C10S 0 .94  0 .89  0.89

C12S 0 .88  0 .85

C1qEOS 0 .84  0 .74  0 .73

C12EOSO 0.89  0 .83  0.82

C12E 0 2S°  0 ,78  ° ' 77 0 ,76
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TABLE: A28 Surface p ressu re  v s .  ac tiv ity  data

Compd Temp: Medium 2f° (mNm

C10S 10°C h 20 74.24

- log  C -log  fR - -log  fx * - log  a it (mNm

1.2294 .0815 0.0973 1.3188 33.10

1.3300 .0754 0.0887 1.4119 32.52

1.4026 .0709 0.0826 1.4790 29.62

1.4084 .0706 0.0821 1.4850 29.42

1.5125 ; . 0647 0.0742 1.5820 26.66

1.8135 .0495 0.0549 1.8657 15.20

1.9896 .0419 0.0457 2.0334 11.16

1.1108 .0373 0.0402 2.1496 8 .95

2.2110 .0337 0.0361 2.2467 6.93

2.4300 .0269 0.0285 2.4578 3 .00

2.5124 .0248 0.0261 2.5379 3.31

2.6100 .0224 0.0235 2.6330 2 .1 0

2.7300 .0197 0.0205 2.7500 1.39

2.9100 .0163 0.0684 2.9270 1.13

3.2115 .0117 0 .0120 3.2230 0 .59



TABLE: A29 Surface p ressu r e  v s .  a c tiv ity  data
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Compd Temp: Medium 3f° (mNm

C10S 25°C h 2° 72
-

-log  C ’ - log  £a - -log  fx + - log  a it  (mNm

1.2294 0.0835 0.0996 1.3210 31.10

1.3300 0.7720 0.0908 1.4140 30.96

1.4030 0.0726 0.0846 1.4812 29.53

1.4080 0.0723 0.0841 1.4866 29.51

1.5130 0.0662 0.0760 1.5836 26.93

1.8130 0.0507 0.0562 1.8669 15.59

1.9900 0.0468 2.0340 2.0340 10.87

2.1110 0.0382 0.0412 2.1505 8.52

2.2120 0.0346 0.0370 2.2476 6 .49

2.4300 0.0276 0.0291 2 .4584 3 .49

2.5120 0.0254 0.0267 2.5385 3.17

2.6100 0.0230 0.0241 2.6335 2.52

2.7300 0.0201 0.0210 2.7506 1.73

2.9100 0.1167 0.0173 2.9270 1.13

3.2120 0 .0120 0.0123 3.2237 0 .63



TABLE: A30 Surface p ressu re  v s . ac tiv ity  data

Compd Temp: Medium 2f° (mNm *)

cn oi“f
O

40° C h 2° 69.63

-log C -log f a - - log -log  a it (mNm ^

1.2294 0.0835 0.0996 1.3211 31.10

1.3300 0.0772 0.0908 1.4140 30.96

1.4030 0.0726 0.0846 1.4810 29.53

1.4080 0.0723 0.0841 1.4900 29.51

1.5130 0.0662 0.0760 1.5840 26.93

1.8130 0.0507 0.0562 1.8670 15.59

1.9900 0.0429 0.0468 2.0340 10.87

2.1110 0.0382 0.0412 2.1510 8.52

2.2120 0.0346 0.0370 2.2480 6.49

2.4300 0.0276 0.0292 2.4580 3.49

2.5120 0.0254 0.0267 2.5390 3.17

2.6100 0.2298 0.0241 2.6340 2.52

2.7300 0.0201 0.0211 2.7506 1.73

2.9100 0.0167 0.0173 2.9270 1.13

3.2120 0.0120 0.0123 3.2240 0.63
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TABLE: A31 Surface p ressu re  v s . a c tiv ity  data

Compd Temp Medium -log  fx+ y°(mNm "*■)

C10S 10°C 0 .1  M NaCl 0.0967 74.45

- log  CR- -log  aR - =* 1
1

W

1 .4140 1.5107 34.29

1.5073 1.6040 34.47

1.6500 1.7467 33.43

1.7292 1.8259 31.49

1.8083 1.9050 29.43

1.8100 1.9067 29.65

1.8911 1.9878 27.22

1.9844 2.0811 26.39

2.1094 2.2061 23.51

2.2100 2.3067 21.85

• 2.4140 2.5107 16.85

2.5073 2.6040 15.43

2.7290 2.8257 12.38

2.9052 3.0019 10.01

3.0302 3.1269 8 .08

3.2063 3.3030 6.21

3.5073 3.6040 3.25

3.6042 3.7009 3.07

3.7011 3.7978 2.33

3.7591 3.8558 1.95
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TABLE: A32 Surface p ressu r e  v s . a c tiv ity  data

Compd Temp Medium -log  f^+ 3f°(mNm *)

C ^ S  25°C 0 . 1  M NaCl 0.099 72.19

- log  CR- - log  aR - ir(mNm 1)

1.4140 1.5130 32.69

1.5073 1.6060 32.78

1.6500 1.7490 32.41

1.7290 1.8280 32.31

1.8080 1.9070 29.78

1.8100 1.9090 30.49

1.8910 1.9900 27.12

1.9840 2.0830 26.16

2.1090 2.2080 24.32

2.2100 2.3090 21.10

2.4140 2.5730 17.19

2.5070 2.6060 15.42

2.7290 2.8280 12.67

2.9050 3.0040 9.65

3.0300 3.1290 7.91

3.2060 3.3050 6.03

3.5070 3.6060 3.61

3.6040 3.7030 3.09

3.7010 3.8000 2.08

3.7590 3.8580 1.96
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TABLE: A33 Surface p r essu r e  v s . a c tiv ity  data

Compd Temp Medium -log  fx+ 2f° (mNm ■*■)

c l 0 s 40° C 0 .1  M NaCl 0.1019 69.81

-log  CR - -!og aR - ir(mNm

1.4140 1.5159 30.91

1.5073 1.6092 31.05

1.6500 1.7519 30.98

1.7292 1.8311 31.36

1.8083 1.9102 29.64

1.8100 1.9119 28.79

1.8911 1.9930 26.68

1.9844 2.0863 25.93

2.1094 2.2113 23.72

2.2100 2.3119 22.01

2.4140 2.5159 16.94

2.5073 2.6092 14.60

2.7290 2.8309 11.36

2.9052 3.0071 8 .78

3.0302 3.1321 7.06

3.2063 3.3082 5.22

3.5073 3.5092 3.89

3.6042 3.7061 3.31

3.7011 3.8030 2.12

3.7591 3.8610 2.11



TABLE: A34 Surface p ressu r e  v s .  ac tiv ity  data
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Compd Temp Medium -log f^+ Z° (mNm

cc o
 

’—1
U

10°C 0 .5  M NaCl 0.1464 74.87

-log CR - - log  aR- it (mNm *)

2.2729 2.4193 33.53

2.4490 2.5954 29.37

2.5739 2.7203 26.51

2.6700 2.8164 24.85

2.9719 3.1183 18.64

3.1268 3.2732 15.90

3.2717 3.4181 12.97

3.3700 3.5164 12.47

3.6696 3.8160 7.56

3.9707 4.1171 3.77

4.0676 4.2140 3.04

4.1645 4.3109 2.46

4.2220 4.3684 1.95

4.2894 4.4358 1.71
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TABLE: A35 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium -log fx + 2f°(mNm

C10S 25°C 0 . 5  M NaCl 0.1500 72.60

- log  CR- -!og aR- Tr(mNm

2.2729 2.4229 33.79

2.4490 2.5990 29.37

2.5739 2.7239 26.60

2.6700 2.8200 25.35

2.9719 3.1219 17.84

3.1268 3.2768 15.16

3.2717 3.4217 12.37

3.3700 3.5200 12.14

3.6696 3.8196 6 .98

3.9707 4.1207 3.50

4.0676 4.2176 2.62

4.1645 4.3145 2.63

4.2220 4.3720 1.70

4.2894 4.4394 1.65
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TABLE: A36 Surface p r essu r e  v s . a c tiv ity  data

Compd Temp Medium -log fx+ Z° (mNm ■*")

C10S 40° C 0 .5  M NaCl 0.1544 70.21

• - log  CR -
<

- iog  aR- 7i(mNm "*■)

2.2729 2.4273 33.83

2.4490 2.6034 28.57

2.5739 2.7283 24.65

2.6700 2.8244 24.16 -

2.9719 3.1263 16.69

3.1268 3.2812 13.61

3.2717 3.4261 11.03

3.3700 3.5244 11.38

3.6696 3.8240 6.91

3.9709 4.1253 3.11

4.0676 4.2220 2.06

4.1645 4.3189 1.92

4.2220 4.3764 1.45

4.2894 4.4438 0 .99

2.4490 2.5954 29.37

2.5739 2.7203 26.51

2.6700 2.8164 24.85

2.9719 3.1183 18.64

3.1268 3.2732 15.90

3.2717 3.4181 12.97
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3.3700 3.5164 12.47

3.6696 3.8160 7.56

3.9707 4.1171 3.77

4.0676 4.2140 3 .04

4.1645 4.3109 2.46

4.2220 4.3684 1.95

4.2894 4.4358 1.71
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TABLE: A37 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp: Medium %° (mNm

C12S 10°C h 2° 74.25

-log  C -log  fR - -log  f x + -log  a it (mNm

2.2309 0.0331 0.0354 2.2651 24.44

2.2716 0.0318 0.0339 2.3045 20.92

2.4862 0.0255 0.0269 2.5124 16.45

2.5319 0.0243 0.0256 2.5568 16.06

2.7538 0.0193 0.0200 2.7735 10.10

2.9299 0.0159 0.0165 2.9461 6.15

3.1319 0.0128 0.0131 3.1449 3.08

3.2309 0.0115 0.0118 3.2425 2.01

3.3278 0.0103 0.0105 3.3382 1.73

3.4003 0.0095 0.0097 3.4099 1.56

3.4528 0.0090 0.0916 3.4619 1.17

3.5320 0.0082 0.0084 3.5403 0.97

2.2800 0.0314 0.0335 2.3125 23.51
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TABLE: A38 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp: Medium 3T° (mNm'1)

C12S 25°C H2° 72

-log  C -log  fa - - log  fx t - log  a ir(mNm

2.2309 0.03388 0.0363 2.2660 24.20

2.271G 0.03256 0.0348 2.3053 21.22

2 . 48G2 0.02613 0.0275 2.5130 16.20

2.5319 0.0249 0.0262 2.5575 15.76

2.7538 0.0197 0.0205 2.7739 9.47

2.9299 0.0163 0.0169 2.9465 6.34

3.1319 0.0131 0.0135 3.1452 3.23

3.2309 0.0118 0.-0120 3.2428 1.83

3.3328 0.0106 0.0108 3.3385 1.73

3.4003 0.0098 0.0996 3.4102 1.38

3.4528 0.0092 0.0094 3.4621 1.58

3.5320 0.0084 0.0086 3.5405 0.76

2.2800 0.0322 0.0343 2.3132 22.60

2.1090 0.3822 0.0413 2.1487 26.55

2.4220 0.2791 0.0295 2.4507 17.89

2.6210 0.0227 0.0237 2.6442 12.90

1.9380 0.0451 0.0494 2.9852 31.95

2.0666 0.0398 0.0432 2.1081 29.02

1.5830 0.06232 0.0709 1.6496 32.91

1.6370 0.0594 C.0672 1.7003 32.83
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TABLE: A39 Surface p ressu r e  v s . a c tiv ity  data

Compd

P S 
12

Temp:  

40° C

Medium

h 2o

y° (mNm'1) 

69.63

- log  C 1 »—»
 

0 TO i-ta w
1 - log  fx + - log  a ir(mNm

2.2309 0.0349 0.0373 , 2.2670 22.90

2.2716 0.0335 0.0358 2.3063 20.33

2.4862 0.0269 0.0283 2.5138 14.32

2.5319 0.0256 0.0270 2.5582 14.07

2.7538 0.0203 0.0211 2.7745 8 .51

2.9299 0.0168 0.0174 2.9470 4.63

3.1319 0.0135 0.0139 3.1456 2.42

3.2309 0.0121 0.0124 3.2431 1.93

3.3278 0.0109 0.0112 3.3388 1.29

3.4003 0.0100 0.0102 3.4104 1.19

3.4528 0.0095 0.9659 3.4624 1.25

3.5320 0.0087 0.0088 3.5408 0 .86

2.2800 0.0331 0.0353 2.3142 21.09

2.0666 0.0411 0.0444 2.1093 28.03

1.9380 0.0464 0.0508 1.9866 30.34

1.5830 0.0642 0.0730 1.6516 30.87

1.6370 0.0612 0.0692 1.7022 30.87
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TABLE: A40 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium -log £x+ y°(mNm ■*■)

C12S 10°C 0 .1  M NaCl 0.0967 74.38

-log  CR - -tog aR - it  (mNm "*■)

3.8199 3.9165 13.85

3.9748 4.0714 10.61

4.1209 4.2175 8.17

4.3428 4.4394 5.34

4.5188 4.6154 3.75

4.G757 4.7723 2.59

4.8199 4.9165 1.92

4.9748 5.0714 1.24

4.9748 5.0714 1.11

5.1209 5.2175 0.71

5.1209 5.2175 0.77

3.2800 3.3767 22.74

3.4370 3.5337 19.78

3.5830 3.6797 16.88
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TABLE: A41 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium 1 o X
+ Z° (mNm ■*■)

C12S 25°C 0 .1  M NaCl 0.0990 72.13

-log  CR - -tog aR - -it (mNm *)

3.8199 3.9189 13.45

3.9748 4.0738 9.74

4.1209 4.2199 7 .44

4.3428 4.4418 4 .69

4.5188 4.6178 3.38

4.6757 4.7747 2.37

4.8199 4.9189 1.72

4.9748 5.0738 1.10

4.9748 5.0738 1.33

5.1209 5.2199 0.85

5.1209 5.2199 0.92

3.2800 3.3790 21.82

3.4370 3.5360 18.79

3.5830 3.6820 15.83

2.5407 2.6397 36.29

2.5819 2.6809 36 .58

2.8829 2.9819 30.86

3.1048 3.2038 26.33

2.6199 2.7189 36 .18



200

TABLE: A42 Surface p ressu r e  v s . a c tiv ity  data

Compd Temp Medium -log fx + y°(mNm *)

C12S 40° C 0 . 1  M NaCl 0.1019 69.76

- log  CR - - log  aR - Tr(mNm

3.8199 3.9218 12.36

3.9748 4.0767 8.89

4.1209 4.2228 6.54

4.3428 4.4447 3.99

4.5188 4.6207 2.86

4.6757 4.7776 2.03

4.8199 4.9218 1.54

4.9749 5.0767 0.92

4.9748 5.0767 0.99

5.1209 5.2228 0.69

5.1209 5.2228 0.69

3.2800 3.3819 19.91

3.4370 3.5389 16.75

3.5830 3.6849 14.11

2.5407 2.6426 34.71

2.5819 2.6838 34.67

2.8829 2.9847 29.32

3.1048 3.2067 23.31

2.6199 2.7218 34.32
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TABLE: A43 Surface p ressu r e  v s . a c tiv ity  data

Compd Temp Medium -log fx+ 3f°(mNm

C12S 10°C 0.5  M NaCl 0.1464 75.17

-log  CR - -log  aR - it  (mNm *)

4.0560 4.2024 21.13

4.2110 4.3573 17.63

4.3570 4.5034 15.20

4.5789 4.7253 11.87

4.7550 4.9014 9.05

4.9099 5.0563 6 .10

4.9769 5.1233 4.82

5.0560 5.2024 4 .13

5.2110 5.3573 2.56

5.3570 5.5034 1.71

5.5789 5.7253 0 .74

3.5830 3.7294 31.52

3.7379 3.8843 28.31

3.8840 4.0304 24 .80
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TABLE: A44 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium -log fx+ 2r°(mNm'1)

C12S 25°C 0 .5  M NaCl 0.1500 72.89

-log CR - -log aR - it (mNm *)

4.05G0 4.2060 2 0 . 1 2

4.2110 4.3609 16.60

4.3570 4.5070 13.87

4.5789 4.7289 10.16

4.7550 4.9050 7.53

4.9099 5.0599 5.30

4.9769 5.1269 4.05

5.0560 5.2060 3.53

5.2110 5.3609 2.06

5.3570 5.5070 1.43

5.5789 5.7289 0.81

3.5830 3.7330 30.60

3.7379 3.8879 26.73

3.8840 4.0340 23.06
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T A B L E : A45 S u r fa c e  p r e s s u r e  v s .  a c t iv i t y  d a ta

Compd Temp Medium -log fx+ Z° (mNm *)

C12S 40°C 0 .5  M NaCl 0.1544 70.49

-log CR - - log  aR - i t  (mNm *")

4.0560 4.2104 17.69

4.2110 4.3653 14.24

4.3570 4.5114 11.69

4.5789 4.7333 8 .65

4.7550 4.9094 6 .21

4.9099 5.0643 4 .30

4.9769 5.1313 3.01

5.0560 5.2104 2.61

5.2110 5.3653 1.37

5.3570 5.5114 0.99

5.5789 5.7333 0 .24

3.5830 3.7374 27.89

3.7379 3.8923 24.60

3.8840 4.0384 21.08

2.7940 2.9484 39.04

2.6850 2.8394 38.94

2.9860 3.1404 38.56

3.1620 3.3164 37.72

3.4172 3.5716 32.43
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T A B L E : A 46 S u r fa c e  p r e s s u r e  v s .  a c t iv i t y  d a ta

Compd Temp: Medium 2T° (mNm "*■)

C10E °S 10°C h 20 74.24

- log  C -log  fR- -log  fx * -log a it (n

1.6380 0.0580 0.0656 1.6997 33.01

1.7980 0.0517 0.0557 1.8510 28.47

2.2199 0.0334 0.0358 2.2550 14.60

2 .1110 0.0373 0.0402 2.1497 17.26

1.9801 0.0423 0.0462 2.0241 21.98

1.9050 0.0454 0.0499 1.9530 24.91

: A47 Surface p ressu r e v s .  act iv i ty  data

Compd Temp: Medium 5f° (mNm

CiqEOS 25°C h 2° 72

-log  C -log  f a - - log  fx * - log  a ir(n

1.6380 0.0594 0.0671 1.7012 30.99

1.7980 0.0514 0.0571 1.8522 30.40

2.2199 0.0343 0.0367 2.2550 16.69

2.1111 0.0381 0.0412 2.1506 19.60

1.9000 0.0467 0.0514 1.9490 27.21

1.9800 0.0433 0.0473 2.0250 24.21

2.0600 0.0401 0.0435 2.1017 21.40

- 1 ,
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T A B L E : A 48 S u r fa c e  p r e s s u r e  v s . a c t iv i t y  d a ta

Compd Temp: Medium Z° (mNm' 5

c io EOS 40° C h 2o 69.63

- log  C - log  fR - - log  fx + - log  a it  (mNm

1.6380 0.0611 0.0691 1.7031 28.85

1.7980 0.0529 0.0588 1.8538 28.89

2.2199 0.0353 0.0378 2.2564 15.51

2.2111 0.0393 0.0424 2.1518 18.25

1.8701 0.0495 0.0546 1.9220 27.58

1.9800 0.0446 0.0487 2.0266 22.83

1.5811 0.0643 0.0732 1.6497 28.95

TABLE: A49 Surface p res sure  v s .  act iv i ty  data

Compd Temp Medium - log  fx . Z° (mNm

c 1qe o s 10°C 0,.1 M NaCl 0.0967 74.36

-log Ca - - iog  aR - it  (mNm ■*■)

2.1101 2.2071 36.55

2.4000 2.4970 31.43

2.8071 2.9040 22.27

2.9041 3.0010 20.45

2.6341 2.7271 26.80

2.1601 2.2571 36.63



T A B L E : A 50 S u r fa c e  p r e s s u r e  v s .  a c t iv i t y  d a ta
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Compd Temp Medium -log f^+ (mNm'1)

CioE° s 25°C 0 .1  M NaCl 0.0990 72.11

- log  CR- -log aR - n(mNm

2.1101 2.2089 34.71

2.4000 2.4991 35.51

2.8071 2.9061 22.51

2.9043 3.0031 20.62

2.6301 2.7291 26.95

2.1600 2.2591 34.77

TABLE: A51 Surface p re s s u r e  v s .  ac t iv i ty  data

Compd Temp Medium - log  f^+ 2f°(mNm

CiqEOS 40°C 0 .1  M NaCl 0.1019 69.74

- log  CR- - iog  aR - =i /—s 1 ! I h-1 
| 

w

2.1101 2.2120 32.96

2.4001 2.5021 30.67

2.8071 2.9091 21.25

2.9043 2.0060 19.30

2.6301 2.7320 25.66

2.1600 2.2621 33 .08
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T A B L E : A52 S u r fa c e  p r e s s u r e  v s .  a c t iv i t y  d a ta

Compd Temp Medium -log  f^+ 2f° (mNm"1)

c 1qe o s 10°C 0 .5  M NaCl 0.1464 75.20

- log  CR - - log  a R- it  (mNm *)

2.8200 2.9664 36.52

3.1201 3.2661 29.61

3.4305 3.5760 23.30

2.9370 3.8200 33.93

TABLE: A53 Surface p ressur e  v s .  ac t iv i ty  data

Compd Temp Medium - log  f^+ y°(mNm

C1qEOS 25°C 0 .5  M NaCl 0.1500 72.93

-1
- log  CR - - log  aR- -it (mNm )

2 .5670 2.7170 38.96

2.8200 2 .9700 36.34

3.1202 3.2710 29.28

3.4311 3.5800 23.04

2.6400 2 .7901 38.95

2.9371 3.0872 33.49



TABLE: A54 Surface p ressu re  v s .  a c tiv ity  data
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Compd

c i o E ° s

Temp 

40° C

Medium “log f^+ 

0 .5  M NaCl 0.1544

y°(mNm'1)

70.76

-log  CR- “log a ^ - i t  (mNm *)

2.5670 2.7214 33 .10

2.8210 2.9744 35.77

3.1200 3.2744 27.83

3.4300 3.5844 21.49

2.6401 2.7944 37.75

2.9370 3.0914 32 .10
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A55 Surface p ressur e v s .  act iv ity data

Compd Temp: Medium 3f° (mNm

c 12e o s 10°C h 2° 74.25

-log  C - lo g  £r - - log  f x + - log  a i T ( m I

2.5374 0.0242 0.0254 2.5623 27.27

2.6050 0.0254 0.0236 2.6281 25.14

2.7160 0.0201 0.0889 2.7365 21.46

2.8511 0.0174 0.0179 2.8677 17.10

2.9810 0.0151 0.0156 2.9954 12.95

A56 Surface p ressure v s .  act iv ity data

Compd Temp: Medium 2f° (mNm

c 12e o s 25°C h 2° 72

-log  C - log  fa - - lo g  f x+ -log  a u(ml

2.4522 0.0272 0.0286 2.4800 29.66

2.5374 0.0247 0.0261 2.5630 26.74

2.5700 0.0239 0.0251 2.5945 26.02

2.7160 0.0205 0.0213 2.7369 21 .18

2.8511 0.0178 0.0184 2.8681 16.59

2.9810 0.0154 0.0159 2.9957 12.62



TABLE: A57 Surface p ressu re  v s .  a c tiv ity  data

Compd Temp: Medium Y° (mNm x)

c 12e o s 40°C h 2° 69.63

-log  C -log fR - -log  fx+ -log  a it  (mNm

2.5374 0.0255 0.0268 2.4808 27.23

2.7160 0.0211 0.0220 2.5636 24.71

2.7160 0.0183 0.0189 2.7376 18.82

2.8501 0.0159 0.0164 2.8686 14.33

2.9800 0.0495 0.0545 2.9962 10.76

: A58 Surface p ressure v s .  act iv ity data

Compd Temp Medium -log fx * y°(mNm'1)

C12EOS 10°C 0..1 M NaCl 0.0967 74.36

-log CR - -tog aR - it  (mNm *)

3.8667 3.9634 25.69

4.0325 4.1309 22.43

4.1677 4.2644 19.51

4.2650 4.3613 17.31

4.3895 4.4863 14.61



TABLE: A59 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium -log  fx + Z° (mNm

c 12e o s 25°C 0 .1  M NaCl 0.0990 74.36

- log  CR - -iog  aR - it (mNm

3.8667 3.9657 25.21

4.0325 4.1332 21.29

4.1677 4.2667 18.39

4.2650 4.3636 16.14

4.3895 4.4885 13.63

LE: A60 Surface p r e s s u r e  v s .  act iv ity data

Compd Temp Medium -log fR+ Z° (mNm

c 12e o s 40° C 0 .1  M NaCl 0.1019 69.74

- log  CR - -log  aR - TT'(mNm

3.5656 3.6676 28.18

3.8667 3.9686 22.04

4.0325 4.1361 18.79

4.1677 4.2696 15.75

4.2650 4.3665 14.03

4.3895 4.4916 11.74
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TABLE: A61 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium -log fx  + 2f°(mNm

c 12e o s 10°C 0 . 5  M NaCl 0.1464 75.20

-16g CR- - iog  aR - it (mNm ■*■)

4.5377 4.6841 25.50

4.6346 4.7810 22.82

4.6926 4.8389 21.47

4.8387 4.9851 18.48

4.9356 5.0820 16.72

TABLE: A62 Surface p re s s u r e  v s .  act iv ity data

Compd Temp Medium -log fx + y°(mNm _1)

C12EOS 25°C 0 .5  M NaCl 0.1500 72.93

-1
- log  CR- -log  aR - 7i (mNm )

4.5377 4.6876 23.90

4.6346 4.7845 21.55

4.6926 4.8426 19.90

4.8387 4.9887 17.13

4.9356 5.0856 15.17
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TABLE: A63 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium -log f^+ y°(mNm'1)

c 12e o s 40°C 0 .5  M NaCl 0.1544 70.76

-log CR- - log  aR - it (mNm *)

4.2366 4.3910 28.37

4.5377 4.6921 21.20

4.6346 4.7889 19.19

4.6926 4.8469 17.67

4.8387 4.9931 14.96

4.9356 5.0900 12.98
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TABLE: A64 Surface p ressu r e  v s . a c tiv ity  data

Compd Temp: Medium 2f°(mNm

c 12e o s o 10° C h 20 74.20

- log  C -log  fR - -log  fx . - log  a it (mNm *

1.9748 .04250 .04643 2.0193 35.55

2.1189 .03696 . .0399 2.1573 35.40

2.2748 .03162 .03375 2.3075 35.16

2.4089 .02762 .02923 2.4373 33.46

2.5582 .02367 .02484 2.5824 28.00

2.6459 .02159 .02256 2.6680 25.73

2.6486 .02151 .02247 2.6716 25.41

2.6986 .02043 .02129 2.7195 23.80

2.7928 .01848 .01919 2.8116 20.80

3.0287 .01434 .01476 3.0432 14.95'

3.2017 .01187 .01216 3.2137 13.38

3.2400 .01138 .01164 3.2515 10.38

3.2400 .01138 .01164 3.2515 11.18

3.2800 .01089 .01113 3.2910 10.09

3.3028 .01062 .01085 3.3135 9.48

3.3476 ,01012 .01032 3.3578 8.81

3.3500 .01008 .01029 3.3602 8.72

3.4303 .00922 .00940 2.4396 6.34

3.4303 .00922 .00940 3.4396 5.70

3.5800 .00781 .00793 3.5879 4.32



3.6835

3.7528

3.8825

.00695 

.00644 

.00556

.00705

.00652

.00563

3.6905  

3.7593  

3.8880
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TABLE: A65 Surface p ressu r e  v s . a c tiv ity  data

Compd

c 12e o s o

Temp:

25°C

Medium

h 2°

Z° (mNm ■*") 

72

- log  C -iog  f R - - log  f x + -log  a it (mNm

1.9748 .0435 .04755 2.0203 3.30

2.1189 .0378 .04086 2.1583 32.88

2.2748 .0324 .03456 2.3083 32.59

2.4089 .0283 .02994 2.4380 32.38

2.5582 .0242 .02544 2.5830 27.83

2.6459 .0221 .02311 2.6685 26.05

2.6496 .0220 .02301 2.6721 26.00

2.6986 .0209 .02180 2.7199 23.24

3.0287 .0147 .01511 3.0436 14.00

3.2400 .0116 .01192 3.2518 9.15

3.2400 .0116 .01192 3.2518 9.87

3.2800 .0111 .01140 3.2913 8.67

3.3028 .0109 .01110 3.3138 8 .61

3.3476 .0103 .01057 3.3580 7.73

3.3500 .0103 .01054 3.3604 7.61

3.4303 .0095 .00962 3.4398 5.27

3.4303 .0094 .00962 3.4398 5 .14

3]5800 .0080 .00812 3.5880 3.87

3.6835 .0071 .00722 3.6907 2.61

3.7528 .0066 .00668 3.7594 2.39



217

TABLE: A66 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp: Medium 2f° (mNm *)

C12EOSO 40°C H20  69.63

-log C -log  f ^ -  - log  - log a Ti(mNm *)

1.9748 .04481 .04895 2.0216 30.56

2.1189 .03897 .04210 2.1594 30.43

2.2748 .03333 .03558 2.3093 30.17

2.4089 .02912 .03082 2.4385 29.43

2.5582 .02496 .02619 2.5938 24.82

2.6459 .02268 .02380 2.6692 22.93

2.6496 .02268 .02370 2.6728 22.28

2.6986 .02154 .02245 2.7206 20.72

2.7928 .01949 .02023 2.8127 17.87

3.0287 .01511 .01556 3.0155 11.43

3.2400 .01200 .01227 3.2521 6.94

3.2400 .01200 .01227 3.2521 6.33

3.2800 .01148 .01174 3.2916 7.12

3.3028 .01120 .01144 3.3141 6.81

3.3476 .01066 .01088 3.3584 6 .18

3.3500 .01063 .01085 3.3607 5.81

3.4303 .00972 .00991 3.4401 3.85

3.4303 .00973 .00991 3.4401 3 .78

3.5800 .00823 .00836 3.5883 2.17

3.6835 .00733 .00744 3.6909 1.98
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3.7528 .00679 .00687 3.7596

3.8825 .00587 .005933 3.8884

1.95

1.28



219

TABLE: A67 Surface p ressu re  v s .  a c tiv ity  data

Compd Temp Medium -log  t x + y°(mNm *)

c 12e o s o 10°C 0 .1  M NaCl 0.0967 74.36

- iog  CR - - iog  aR - it (mNm *)

2.5518 2.6485 40.66

2.8570 2.9537 40.51

2.8570 2.9537 40.80

2.9580 3.0547 40.62

3.2520 3.3487 40.62

3.3520 3.4487 40.17

3.4097 3.5064 38.91

3.5558 3.6525 35.31

3.8580 3.9547 29.21

3.9301 4.0268 27.73

4.0787 4.1754 24.08

4.1590 4.2557 23.15

4.3490 4.4457 18.47

4.5320 4.6287 16.20

4.7540 4.8507 12.20

4.9301 5.0268 9.45

5.0850. 5.1817 7.78

5.2310 5.3277 6.04

5.3280 5.4247 4.35

5.4529 5.5496 3.34



5.6290

5.9301

6.3280

5.7257

6.0268

6.4247
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2.17

1.16

0.33
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TABLE: A68 Surface p ressu r e  v s . a c tiv ity  data

Compd Temp Medium -log  fx . Z° (mNm *)

c 12e o s o 25°C 0 .1  M NaCl 0.0990 72.11

-log  CR - - log  aR - it (mNm *)

2.5518 2.6508 38.67

2.8570 2.9560 38.52

2.9580 3.0570 38.78

2.9580 3.0570 38.56

3.2520 3.3510 38 .50

3.3520 3.4510 38.33

3.4097 3.5087 37.50

3.5558 3.6548 34.12

3.8580 3.9570 27.60

3.9301 4.0291 26.67

4.0787 4.1777 22.43

4.1590 4.2580 21.46

4.3490 4.4480 17.08

4.5320 4.6310 14.64

4.7540 4.8530 10.70

4.9301 4.0291 26.67

5.0850 5.1840 6.73

5.2310 5.3300 5.36

5.3280 5.4270 3.73

5.4529 5.5519 2.87
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5.6290 5.7280 1.82

5.9301 6.0291 0 .88

6.3280 6.4270 0 .14
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TABLE: A69 Surface p ressu re  v s .  a c tiv ity  data

Compd Temp Medium -log fx+ Z°(mNm *)

c 12e o s o 40°C 0 .1  M NaCl 0.1019 69.74

-log  CR - -log aR - it (mNm *)

2.5518 2.G537 36.54

2.8570 2.9589 36.30

2.8570 2.9589 36.48

2.9580 3.0599 36.43

3.2520 3.3539 36.39

3.3520 3.4539 36.23

3.4097 3.5116 34 .54

3.4097 3.5116 34.35

3.5558 3.6577 30.82

3.5558 3.6577 31.09

3.8580 3.9599 23.93

3.9301 4.0320 23.60

4.0787 4.1806 20.06

4.1590 4.2609 18.92

4.3490 4.4509 14.59

4.5320 4.6339 12.43

4.7540 4.8559 8.92

4.9301 5.0320 6 .47

5.0850 5.1869 4 .74

5.2310 5.3329 3.95
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5.3280 5.4299 3 .04

5.4529 5.5548 2.16

5.6290 5.7309 1.46

5.9301 6.0320 0 .48

6.3280 6.4299 0 .14
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TABLE: A70 Surface p ressu r e  v s . a c tiv ity  data

Compd Temp Medium - log  f^+ 2f°(mNm *)

c 12e o s o 10° C 0 .5  M NaCl 0.1464 75.20

-1
- log  CR -

<
- iog  aR - it (mNm )

3.0277 3.1741 44.66

3.3287 3.4751 44.66

3.3287 3.4751 44 .19

3.6300 3.7764 32.08

3.9087 4.0551 43.41

3.9087 4.0551 44 .10

3.9787 4.1251 42 .90

4.1037 4.2501 38.78

4.1829 4.3293 37.05

4.2798 4.4262 34.41

4.4000 4.5464 32.06

4.5808 4.7272 26.94

4.8819 5.0283 21.66

5.1829 5.3293 15.03

5.4047 5.5511 10.36

5.5808 5.7272 7.92

.5.6778 5.8242 6.12

5.6778 5.8242 6.61

5.7850 5.9314 5.08

5.8819 6.0283 4.15
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5.9485 6.0949 2.90

5.9485 6.0949 3.14

6.0277 6.1741 2 .03
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TABLE: A71 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium -log  fx * Z°(mNm *)

c 12e o s o 25°C 0 .5  M NaCl 0.1500 73.11

-log CR - - log  aR - n(mNm *)

3.0277 3.1777 43.10

3.3287 . 3.4787 43.00

3.3287 3.4787 42.46

3.6300 3.4787 42.57

3.8819 4.0319 42.42

3.9087 4.0587 41.89

3.9087 4.0587 42.54

3.9787 4.1287 41.04

4.1037 4.2537 37.18

4.1829 4.3329 35.22

4.2798 4.4298 32.85

4.4000 4 .5500 29.97

4.5808 4.7308 25.36

4.8819 5.0319 19.64

5.1829 5.2219 13.45

5.4047 5.5547 9.41

5.5808 5.7308 6.91

5.6778 5.8278 5.26

5.6778 5.8278 6.01

5.7850 5.9350 4 .25
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5.8819 6.9319 3.22

'5.9485 6.0985 2.51

5.9485 6.0985 2.72

6.0277 6.1777 1.80
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TABLE: A72 Surface p ressu r e  v s .  ac tiv ity  data

Compd Temp Medium -log  fx+ Z° (mNm

c 12e o s o 40° C 0 . 5  M NaCl 0.1544 70.76

-iog CR- -iog  aR - ir (mNm h

3.0277 3.1821 40.84

3.3287 3.4831 40.68

3.G300 3.7844 40.68

3.8819 4.0363 39.42

3.9087 4.0631 38.50

3.9087 4.0631 38.59

3.9787 4.1331 37.19

4.1037 4.2581 33.74

4.1829 4.3373 32.21

4.2798 4.4342 29.56

4.4000 4.5544 28.55

4.5808 4.7352 22.11

4.8819 5.9363 16.49

5.1829 5.3373 11.15

5.4047 5.5591 6.96

5.5808 5.7351 5.03

5.6778 5.8322 3.79

5.6778 5.8322 4.11

5.7850 5.9394 3.11

5.8819 6.0363 2.52



5.9485

5.9485  

6.0277

6.1029

6.1029 

6.1821
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1.64

1.83

1.46
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TABLE: A73 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp: Medium Z° (mNm *)

C12E 0 2S 0  10°C H20  74.25

-log C - log  f ^ -  - log  f^+ - log  a u(mNm *)

2.1258 0.0367 0.0396 2.1639 32.60

2.4145 0.0275 0.0270 2.4428 32.59

2.G137 0.0223 0.0234 2.6370 29.43

2.7030 0.0203 0.0220 2.7238 25.13

2.7136 0.0201 0.0209 2.7341 27.95

2.8226 0.0179 0.0185 2.8408 22.46

2.8782 0.0169 0.0174 2.8954 21.84

2.9818 0.0151 0.0155 2.9971 19.53

3.1220 0.0129 0.0133 3.1351 18.16

3.2610 0.0111 0.0114 3.2722 14.50

3.3356 0.0102 0.0105 3.3459 12.94

3.4040 0.0095 0.0097 3.4136 8.92

3.6946 0.0069 0.0070 3.7015 6.05

3.7051 0.0068 0.0069 3.7119 7.02

3.8446 0.0058 070059 3.8504 3 .40

3.9599 0.0051 0.0051 3.9650 3.70

4.0843 0.0044 0.00.45 4 .0888 2.07

4.1876 0.0039 0.0039 4.1916 1.66

4.3179 0.0034 0.0342 4.3213 1.76



TABLE: A74 Surface p r essu r e  v s .  a c tiv ity  data

Compd

C12E 0 2S 0

- log  C

2.1258  

2.4145  

2.6132  

2.7030  

2.7136  

2.8226  

2.8782  

2.9818  

3.1220  

3.2610  

3.3356  

3.4040  

3.6946  

3.1051  

3.8446  

3.9599  

4.0843  

4.1876  

4.3179

Temp:

25°C

-log f a -

0.0376

0.0281

0.0229

0.2082

0.0206

0.0183

0.0173

0.0154

0.0133

0.0114

0.0105

0.0097

0.0070

0.0069

0.0059

0.0052

0.0045

0.0040

0.0029

Medium

h 2°

- log  fx+

0.0406

0.0297

0.0239

0.0219

0.0214

0.0190

0.0179

0.0159

0.1362

0.0116

0.0107

0.0099

0.0071

0.0070

0.0060

0.0053

0.0046

0.0041

0.0035

2f° (mNm *) 

72

- log  a

2.1649  

2.4434  

2.6371  

2.7243  

2.7346  

2.8413  

2.8958  

2.9975  

3.1354  

3.2725  

3.3462  

3.4138  

3.7017  

3.7121  

3.8506  

3.9651  

4.0889  

4.1917  

4.3211

ir(mNm *

30.50

30.60

29.09  

24.96  

26.38  

22.91  

21.20  

19.08  

16.77  

13.94  

12 .12

10.10 

4.53  

6.28  

3.06  

3.24  

1.79  

1.55  

1.51
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TABLE: A75 Surface p ressu re  v s .  a c tiv ity  data

Compd Temp: Medium Z° (mNm *)
—

C12E0 2SO 40° C h 2° 69.63

-log C -log fR- - log  f x + -log  a n (mNm

2.1258 0.0387 0.0418 2.1660 28.77

2.4145 0.0290 0.0306 2.4443 - 28.53

2.6137 0.0235 0.0246 2.6378 27.21

2.7030 0.0214 0.0223 2.7249 23.08

2.7136 0.0212 0.0221 2.7316 23.77

2.8226 0.0189 0.0196 2.8418 20.93

2.8782 0.0178 0.0184 2.8963 18.57

2.9813 0.0159 0.0164 2.9980 17.09

3.1220 0.0137 0.0140 3.1358 13.83

3.2610 0.0117 0.0120 3.2729 11.48

3.3356 0.0108 0.1102 3.3465 10.52

3.4040 0.0100 0.0102 3.4141 8 .38

3.5544 0.0085 0.0086 3.5629 6.78

3.6946 0.0072 0.0073 3.7019 6.75

3.8446 0.0061 0.0062 3.8508 2.04

3.9599 0.0054 0.0054 3.9653 2.59

4.0843 0.0467 0.0047 4.0889 1.49

4.1876 0.0042 0.0042 4.1918 1.19

4.3179 0.0035 0.0036 4.3215 1.39
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TABLE: A76 Surface p ressu re  v s .  a c tiv ity  data

Compd Temp Medium -log  fx + 3f°(mNm

C12E0 2S 0 10°C 0.1  M NaCl 0.0967 74.37

-log  CR - -iog  aR- iT(mNm ■*■)

2.5518 2.6485 40.66

3.2170 3.3137 38.07

3.3419 3.4386 37.91

3.5180 3.6147 36.99

3.6149 3.7116 35.02

3.7399 3.8366 32.90

3.9160 4.0127 29.04

4.2070 4.3037 23 .47

4.4388 4.5355 19.47

4.5180 4.6147 18.81

4.6150 4.7117 16.30

4.7400 4.8367 14.51

4.9160 5.0127 12.34

5.2170 5.3137 8 .26

5.3139 5.4106 7.17

5.5400 5.6367 4 .40

5.6149 5.7116 3 .78

5.7118 5.8085 3 .09

5.8368 5.9335 2.36

6.0130 6.1097 1.02
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TABLE: A77 Surface p ressu r e  v s .  a c tiv ity  data

Compd Temp Medium -log f x+ 2f°(mNm- 1 )

C12E0 2S 0 25°C 0 . 1  M NaCl 0.0990 72.28

-1
- log  CR - -!og aR - ir(mNm )

3.2170 3.3160 36.70

3.3419 3.4409 36.40

3.5180 3.6170 36.28

3.G149 3.7139 34.54

3.7399 3.8389 31.73

3.9160 4.0150 28.26

4.2070 4.3060 22.63

4.4388 4.5378 18.55

4.5780 4.6170 17.49

4.6150 4.7140 15.51

4.7400 4.8390 13.58

4.9160 5.0150 11.16

5.2170 5.3160 7.43

5.3139 5.4129 6.44

5.5400 5.6390 3.76

5.6149 5.7139 3.07

5.7118 5.8108 2.57

5.8368 5.9358 2.06

6.0100 6.1090 1.14

6.3130 6.4129 0 .44
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TABLE: A78 Surface p ressu re  v s .  a c tiv ity  data

Compd Temp Medium -log fx + 5f° (mNm

C12E0 2S° 40° C 0 .1  M NaCl 0.1019 69.80

-log  c R- - log  aR - it (mNm *)

3.2170 3.3189 34.78

3.3419 3.4438 34.84

3.5180 3.6199 34.75

3.6149 3.7168 32.84

3.7399 3.8418 29.93

3.9160 4.0179 26.60

4.2070 4.3089 21.05

4.4388 4.5407 17.14

4.5180 4.6199 16.05

4.6150 4.7169 13.98

4.7400 4.8419 12.01

4.9160 5.0179 10.04

5.2170 5.3189 5.17

5.3139 5.4158 5.19

5.5400 5.6419 3 .40

5.6149 5.7168 2.50

5.7118 5.8137 2.12

5.8368 5.9387 1.55

6.0100 6.1119 0.73

6.3139 6.4158 0.31
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TABLE: A79 Surface p ressu r e  v s . ac tiv ity  data

Compd Temp Medium -log fx . y°(mNm ■*■)

C12E0 2SO 10° C 0 .5  M NaCl 0.1464 69.80

-lo»  CR - -Tog aR- 7r(mNm ■*")

3.9159 4.0623 41.70

3.9573 4.1037 41.43

4.0100 4.1564 40.86

4.1377 4.2841 38.00

4.3130 4.4594 34.89

4.4388 4.5852 32.12

4.6150 4.7614 28.10

4.9159 5.0623 22.59

5.1376 5.2840 17.97

5.2100 5.3564 15.60 .

5.4388 5.5852 13.28

5.6149 5.7613 10.09

5.8367 5.9831 6.46

6.0128 5.1592 4.36

6.1677 6.3141 2.03

6.2347 6.3811 1.40

6.3138 6.4602 2.03

6.4107 6.5571 1.08
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TABLE: A80 Surface p ressu r e  v s . a c tiv ity  data

Compd Temp Medium -log  f x » y°(mNm *)

C12E0 2S 0 25°C 0 .5  M NaCl 0.1500 73.06

- log  CR- -log  aR - it (mNm *)

3.9159 4.0659 40.10

3.9573 4.1073 40.00

4.0100 4.1600 39.66

- 4.1377 4.2877 37.52

4 .3130 4.4630 34.04

4.4388 4.5888 31.17

4.6150 4.7650 27.42

4.9159 5.0659 21.47

5.1376 5.2876 17.02

5.2100 5.3600 14.99

5.4388 5.5888 12.42

5.6149 5.7649 9.19

5.8367 5.9867 6.19

6.0128 6.1628 4.16

6.1677 6.3177 2 .10

6.2347 6.3847 2.71

6.3138 6.4738 1.66

6.4107 6.5607 1.16



TABLE: A81 Surface p ressu re  v s .  a c tiv ity  data
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Compd Temp Medium -log  fx + Z° (mNm *)

C12E0 2S 0 40°C 0 .5  M NaCl 0.1544 70.66

- iog  CR- -iog aR - it (mNm ^

3.9159 4.0703 38.48

3.9573 4.1117 38.27

4.0100 4 .1644 37.45

4.1377 4.2921 35.42

4.3130 4 .4674 31.72

4.4388 4.5932 29.03

4.6150 4.7694 25.11

4.9159 5.0703 19.36

5.1376 5.2920 14.82

5.2100 5.3644 13.00

5.4388 5.5932 10.28

5.6149 5.7693 7 .34

5.8367 5.9911 4 .56

6.0128 6.1672 2.84

6.1677 6.3221 1.59

6.2347 6.3891 0 .98

6.3138 6.4682 0 .96

6.4107 6.5651 0 .84
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TABLE: A82 Surface p ressur e  v s . act iv i ty  data 

log  ( C M C . f )  v s  log (C +. f +) data for C1QS

T I - log  CMC -log  Cx+ -log  f_ -log f +

10°C h 2° 1.3194 1.3194 0.0759 0.0894

0 .1  M 1.5902 1.0000 0.0966 0.1207

0 .5  M 2.0998 0.3010 0.1464 0.2067

25°C h 2° 1.3690 1.3690 0.0746 0.0873

0 .1  M 1.6754 1.0000 0.0990 0.1226

0 .5  M 2.1400 0.3010 0.1500 0.2117

40° C h 2° 1.4000 1.4000 0.0749 0.0873

0 .1  M 1.7396 1.0000 0.1019 0.1262

0 .5  M 2.1847 0.3010 0.1544 0.2179

TABLE: A83 Surface p res sure  v s . act iv i ty  data 

log (C M C.f .)  v s  log (C +. f +) data for C12S

T I - log CMC - log  Cx+ -log f_ - log f +

25°C H20  1.9060 1.9060 0.0464 0.0510

0 .1  M 2.6078 1.0000 0.0990 0.1226

0 .5  M - . -------

40°C H20 1.9427 1.9427 0.0462 0.0406

0 .1  M 2.6157 1.000 0.1019 0.12625

0 .5  M 3.0996 0.3010 0.1544 0.2179



TABLE: A84 Surface p ressure  v s .  act iv i ty  data 

log (CMC. f_) v s  log (C +. f +) data for C1()EOS

T I - log  CMC -iog Cx+ -log f_ -log f +

10°C h 2° 1.6870 1.6870 0.0555 0.0624

0 .1  M 2.1870 1.0000 0.0966 0.0120

25°C h 2° 1.8070 1.8000 0.0514 0.0571

0.1  M 2.2600 1.0000 0.0990 0.0300

0 .5  M 2.6870 0.3010 0.1500 0.2110

40° C h 2o 1.8120 1.8150 0.0522 0.0579

0 .1  M 2.2970 1.0000 0.1019 0.1262

0 .5  M 2.7000 0.3010 0.1544 0.2179

TABLE: A85 Surface  p ressur e  v s . act iv ity data 

log  (CMC.f ) v s  log (C +. f +) data for C^EOSO

T I - log  CMC -iog Cx+ -1° g  f „. - log  f +

10°C h 2° 2.3247 2.3247 0.0300 0.3200

0.1  M 3.3170 1.0000 0.0966 0.0120

0 .5  M 3.8660 0.3010 0.1464 0.2067

25°C h 2° 2.4074 2.4074 0.0283 0.0300

0 .1  M 3.3659 1.0000 0.0990 0.1226

0 .5  M 3.8830 0.3010 0.1500 0.2117

40°C H2° 2.3826 2.3826 0.0299 0.0317

0 .1  M 3.3100 1.0000 0.1019 0.1262

0 .5  M 3.8170 0.3010 0.1544 0.2179
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TABLE: A86 Surface p ressu r e  v s .  a c tiv ity  data

log (CMC.f ) v s  log (C +. f +) data for C12E 0 2SO
X

T I -log  CMC -l° g  Cx+ -log f_ - log  f +

10 h 2° 2.5100 2.5100 0.0249 0.0262

0 .1 M 3.5000 1.0000 0.0966 0 .0120

0 .5 M 3.9600 0.3010 0.1464 0.2067

25 h 2° 2.5400 2.5400 0.0469 0.0259

0 .1 M 3.5300 1.0000 0.9900 0.1226

0 .5 M 3.9801 0.3010 0.1500 0.2117

40 h 2° 2.5560 2.5560 0.0250 0.0263

0 .1 M 3.5501 1.0000 0.1019 0.1262

0 .5 M 3.9901 0.3010 0.1544 0.2179
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TABLE: B l ,  Surface tension  v s  concentration  data for EC^ in  w ater

dm ^xlO^)

Z

10°C

(mNm

25°C 40°C -log C

LO.349 26.32 3.9851

9.3110 27 .10 25.95 4.0310

6.3008 27.05 26.30 4.2006

4.4658 28.01 26.15 26.04 4.3501

3.8908 26.58 4 .4100

3.5017 26.86 4.4557

3.1989 26.71 4.4950

3.1622 29.40 4.5000

2.9512 27.21 27.27 4.5300

2.2908 32.71 4 .6400

2.0137 34.30 29.84 4 .6960

0.9143 45.36 41.19 42.19 5.0389

0.4581 49.71 49.34 5.3390
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TABLE; B 2 , Surface ten sion  v s  concentration  data for E03 in w ater

C, (mol dm ^xlO^)

Y

10°C

(mNm *) 

25°C 40° C -log  C

'22 .3870 29.00 26.40 3.65

14.9620 27.68 3.8290

8.7096 28.92 27.70 26.51 4.06

5.3579 27.75 4.271

4.2452 28.80 4.3721

4.7863 29.80 4.3721

3.8019 33.75 30.81 29.00 4.42

2.6302 34.20 4 .580

2.4547 38.50 33.92 4.610

1.6218 40.40 4.790

1.3963 40.28 4.855

1.2560 42.14 4.901

1.1220 46.16 41.40 4.950

0.9290 44.57 5.032

0.6280 48.27 5.202

0.4785 54.82 49.33 5.3201

0.4677 53.71 53.01 51.20 5.3300

0.3251 54.40 5.4880

0.3162 55.30 5.5000

0.2323 58.90 5.6340



245

TABLE: B 3 ,S u rface  ten sion  v s  concentration  data for E 04 in  w ater

2f (mNm *)

C, (mol dm"3x l 0 3) 10°C 25°C 40°C -log C

22.3820  

11.4280  

5.3703

3.8708

3.8708

1.9350

1.9350  

0.9601  

0.3871  

0.3890

30.15

30.22

34.21

36.89  

37.88

43 .90  

50.18

28.61

28.50

30.21

33.28

32.82

39.71

39.52

45.36

53.51

27.61  

27.59

30.65

30.84

30.37

37.91

37.61

43.69

43.70

2.6501  

3.9420

4.2700

4.4122

4.4122

4.7133

4.7133  

5.0177

5.4122
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TABLE: B 4 ,S u rfa ce  ten sion  v s  concentration  data for EOS in w ater

C, (mol dm"3x l 0 3 ) 10°C

X (mNm 1) 

25°C 40 C -log  C

23.7130

11.7220

6.8391

5.8210

3.7325

2.6302

1.8620

1.8620

1.3182

0.9290

0.9290

0.6607

0.3698

0.3699

32.40

32.45

35

42

47

52

71

32

86

70

30.56

30.50

30.45

31.40

34.69

41.03

40.64

46.76

45.78

53.54

52.39

28.45

28.50

29.00

34.59

41.50

47.45

3.6250

3.9310

4.1650

4.2350

4.4280

4.5800

4.7300

4.7300  

4.8800

5.0320

5.0320  

5.1800

5.4320

5.4320
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TABLE: B5, Surface ten sion  v s  concentration  data for E 07 in w ater

. dm ^xlO^)

y

10°C

(mNm *) 

25°C 40°C -log  C

.64.05 36.05 33.48 31.92 2.7850

54.701 36.10 33.63 31.75 3.2620

23.388 35.98 33.83 31.83 3.6310

13.740 36.00 33.42 31 .80 3.8620

7.4131 39.05 34.40 31.01 4.1300

5.8479 36.42 4.2330

5.1880 36.47 4.2850

5.6221 41.25 36.20 33.05 4.2501

2.9512 45.44 37.78 4.5300

2.9512 41.00 4.5300

1.4791 49.95 46.32 42.63 4.8300

2.5941 42.10 4.5860

1.2971 46.98 4.8870

1.2971 46.74 4.8870

0.7413 53.67 50.27 47.53 5.1300

0.5188 52.43 5.2850

0.2951 58.62 ____ 53.02 5.5300
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TABLE: B 6 ,S u rface tension  v s  concentration  data for E08 in w ater

y (mNm"1)

C, (mol dm'3x l 0 5) 10°C 25°C 40°C - log  C

19.4980  

12.3020  

9.3540  

7.5683  

7.0794  

3.4665  

3.0199 

2.2908  

1.8832 

1:5135 

0.7497  

. 0 .3794

36 .98

40.42

42 .95

46.76

48.83

51 .24

54.97

34.60

34.67

35.17

37.06

37.45

41.71

42.60.

46.64

46.15

51.32

55.01

32.37

33.12

34.05

29.42

41.44

44.28

48.33

3.7200  

3.9100  

4.0290  

4.1210  

4.1500  

4.4601  

4.5200  

4.6400  

4.7257  

4.8200  

5.1251  

5.4209
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TABLE: B 7 ,S u rface  ten sion  v s  concentration  data for CgBMT in w ater

X (mNm *)

C, (mol dm ^xlO^) 10°C 25°C 40° C -log  C

2.5118 57.67 2.6000

2.1877 58.75 2.6600

3.3884 57.64 55.81 54.71 2.4700

1.1481 49.32 47.41 46.30 1.9400

19.9500 45.33 43.60 42.41 1.7000

TABLE: B8 ,Surface  tension  v s  concentration data for C^qBMT in water

y (mNm

C, (mol dm ^xlO^) 10°C 25°C 40° C - log  C

69.183 38.23 2.16

63.095 34.54 2 .2 0

50.118 34.50 2 .30

38.904 34.54 2.41

30.199 34.50 2.52

12.022 45.45 44.81 2.92

8.9125 48 .70 47.56 46.96 3 .05

6.9183 50.44 49.07 48.56 3.16

5.6234 52.01 50.85 50.25 3 .25

3.4673 55.27 54.00 53.38 3.46

1.3803 60.56 59.28 58.91 3.86
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TABLE: B 9 ,S u rfa ce  ten sion  v s  concentration  data fo r  C^EIMT jn water

C, (mol dm ^xlO^)

X

10°C

(mNm

25°C 40° C •log C

7.0794 46.01 45.90 4.15

3.1622 52.24 51.09 50.73 4.45

2.7542 53.81 52.97 52.27 4.56

1.7782 56.80 55.71 54.30 4.75

1.4125 58.31 57.09 56.75 4.85

7.0794 63.10 61.97 60.84 5.15

TABLE: BIO,Surface  tension v s  concentration data for C^IIMG in wat

X (mNm ■*■)

C, (mol dm ^xlO^) 10°C 25°C 40° C log  C

23.442 34.40 32.72 31.81 2.6300

10.471 34.51 32.93 32.00 2.9800

5.7016 35.22 32.96 32.71 3.2440

5.1168 37.22 33.51 32.01 3.2910

2.3496 41.42 39.07 37.90 3.6290

1.5995 44.31 41.72 40.98 3.7960

0.4898 52.91 50.53 54.81 4.3100

0.2290 57.86 55.95 49.61 4.6400
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TABLE: B 11, Surface ten sion  v s  concentration  data for C^BM G in water

Jf (mNm *)

C, (mol dm'3x l 0 3) 10°C 25°C 40°C -log C

10.2329 35.53 34.02 33.24 1.99

19.9526 35.60 34.13 33.30 1.70

3.4673 39.95 36.78 35.51 2.46

2.0417 43.53 40.74 39.00 2.69

1.1749 47.56 44.84 43.53 2.93

3.4673 .39.95 36.78 35.51 2.46

0.8318 49.52 46.96 45.32 3 .08

0.5248 52.88 50.58 49 .28 3.28
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TABLE: B 12, Surf ace ten sion  v s  concentration  data for  C ^ N C l in  w ater

X (mNm "*■)

C, (mol dm"3x l 0 3 ) 10°C 25°C 40°C - log  C

42.599 44.76 43.73 42.90 1.3706

42.5991 44.45 43.71 42.55 1.3706

16.G648 44.70 43.74 42.87 1.7782

13.4555 48.13 46.05 44 .08 1.8711

8.53100 52.75 50.78 49.34 2.0690

6.3694 56.28 54.98 53.62 2.1959

2.7548 64.92 62.98 61.42 2.5599

2.7548 64.27 63.00 61.66 2.5599

1.9829 66.92 65.05 63.46 2.7027

1.1127 68.64 2.9536

1.1127 68.55 2.9536

. 1.0183 70.70 6 8 .57 66.42 2.9921

0.6230 71.76 69.71 67.44 3.2055

0.6231 71.99 69.75 67.38 3.2055

0.4754 72.72 70.45 68.18 3.3229

0.3023 73.01 70.86 68.38 3.5195
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TABLE: B 13, Surface ten sion  v s  concentration  data for C ^ N C l in 0 .1  M

NaCl

X (mNm

C, (mol dm"3x l 0 4 ) 10°C 25°C 40°C -log C

73.7220 42.71 41.90 40.85 2.1324

55.2960 42.98 41.99 40.78 2.2573

55.2960 42.71 41.92 40.72 2.2573

36.8630 45.27 43.61 42.07 2.4334

24.5750 48.52 46.75 45 .68 2.6095

14.7430 51.84 49.80 48.31 2.8314

36.8630 60.80 59.16 57.84 3.4334

29.4910 61.80 59.90 58.81 3.5303

22.1150 63.62 62.04 60 .69 3.6553

1.4743 51.84 49.80 48.31 2.8314

0.7372 68.03 16.28 64.35 4.1324

0.2949 71.11 69.18 67.12 4.5303

0.2949 70.87 68.71 67.21 4.5303

0.2949 70.87 68.71 67.21 4.5303

0.1474 72.35 70.16 68.18 4.8314

0.7372 73.21 71.20 69.20 5.1324

0.7372 72.99 70.91 68.76 5.1324
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TABLE: B 14, Surface ten sion  v s  concentration  data for C ^ N C l in 0 .5  M

NaCl

X (mNm *)

C, (mol dm"3x l 0 4 ) 10°C 25°C 40°C -log C

32.9450 41.02 40.09 38.92 2.4822

32.9450 40.02 . 38.84 2.4822

18.1210 41.21 40.00 38.83 2.7418

18.1210 40.83 40.10 38.81 2.7418

14.8680 43.06 41.00 40.20 2.8277

11.1530 45.07 43.48 42.61 2.9526

11.1530 44 .80 42.98 42.02 2.9526

5.7095 50.00 48 .80 42.40 3.2434

2.8549 55.37 53.80 52.60 3.5444

1.4275 59.14 57.89 56.64 3.8454

1.1420 60.14 58.42 57.41 3.9423

0.5709 63.90 62.85 61.39 4.2434

0.2857 • 67.97 65.83 64.27 4.5444

0.1142 70.00 68.61 66.79 4.9423

0.6588 72.09 70.44 68.52 5.1812

0.6589 72.17 70.67 68.40 5.1812

0.0571 72.15 70.53 68.52 5.2434

0.0571 72.15 70.53 68.56 5.2434
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TABLE: B 15 , Surface ten sion  v s  concentration  data for C ^ N B r  in w ater

% (mNm'1)

C, (mol dm '3x l 0 3) 10°C 25°C 40°C -log C

29.4850

31.5420

14.7300

9.8380

9.1432

8.2281

6.7577

6.4639

5.0280

4.9970

4.5321

3.0262

2.9187

2.0244

2.0244

1.5682

1.5682  

8.0612  

0.6428  

0.5022  

0.4185  

0.3523

39.47  

39.82

43.10

44 .47  

46.29

49.00

53 .00  

53.02

59 .10

65.74

71.68

72.42

72.97

39.10

39.18

40 .90  

42.42  

43.65

45.64

47.91  

51.84

52.17  

58.33  

57.75  

61.86  

62.00  

64.87

68.44

69.64  

69.94

71.18  

71.35

38.90

38.80

41.65

42 .77

44.40

48 .56

52.48

51.22

57.22

62.82

67.54

68.25

67 .90

1.5304 

1.5011  

1.8318 

2.0071  

2.0389  

2.0847  

2.1702  

2.1895  

2.2986  

4.9970  

2.3437  

2.5191  

2.5348

2.6937

2.6937  

2.8046

3.0936

3.1919

3.2991

3.3783

3.4531
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3.0853 73.09 70 .78  68 .68  0 .3085

0.2783 70.95 70 .95 3.5554

0.2782 70 .90  3.5557

0.1762 72.90 70.71 68 .40  3.6623
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TABLE: B 16, Surface tension v s  concentration data for C ^ N B r  in 0 .1  M 

NaBr

X (mNm *)

C, (mol dm“3x l 0 3) 10°C 25°C 40°C - log  C

64.1210 37.75 37.16 36 .45 2.1930

38.4760 37.89 37.22 36.55 2.4148

38.4760 37.65 37.12 36.46 2.4148

32.0620 37.90 37.21 36.55 2.4940

25.6500 38.34 37.67 37.38 2.5909

19.2390 40 .60 39.93 39.52 2.7158

12.8260 43.84 43.64 43.02 2.8919

6.4121 49.35 49.03 48.22 3.1930

3.2062 54.75 53.84 53.71 3.4940

1.2826 61.22 59.89 59.59 3.8919

. 0.6412 65.42 64.58 63.86 4.1930

0.5130 66.53 65.84 64.80 4.2899

0.5130 66.23 64.28 4.2899

0.5098 64.80 4.2926

0.2565 69.57 68.76 67.02 4.5909

0.1539 71.56 70.03 68.31 4.8128

0.1539 31.14 69.00 67.84 4.8128

0.1026 72.52 70.90 68.76 4.988.8
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TABLE: B 17 ,Surface  tension v s  concentrat ion data for C ^ N B r  in 0 .5  M 

NaBr

y (mNm

C, (mol dm'3x l 0 3) 10°C 25°C 40°C -log  C

368.00  

184.37  

147.50  

111.76  

73.750  

36.880  

18.437  

11.176  

7.3756  

3.6880  

. 3 .6880  

2.9505  

2.9322  

1.4750  

0.8851  

0.5901  

0.4426  

0.4426

36.38

36.28  

36.56

38.74

44 .28

49.38  

53.51  

57.34  

62.24  

62.10  

62.91

67.49

69.84

71.41

72.45

72.10

35.77

35.44

35.83

35.40  

38.74  

44.17

49.35

53.40  

57.21  

61.80  

61.46

61.96

66.90

68.71

70.26

71.35  

70.28

34.89

34.68

34.83

39.00

44.06

49 .20

53.02

56.99

61.66

61.39

61.83  

65.98

67.68  

68.59  

69.14  

69.18

2.4332

2.7343

2.8312

2.9517

3.1322

3.4332

3.7343

3.9517

4.1322

4.4332

4.4332  

4.5301  

4.5328

4.8312  

5.0530  

5.2291

5.3540

5.3540
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TABLE: B18,S u rfa ce  ten sion  v s  concentration  data for C^qS in w ater

Jf (mNm

C, (mol dm_3x l 0 3 ) 10°C 25°C 40°C -log  C

58.9658 41.15 40 .90 40.22 1.2294

46.7735 44.63 40.61 1.3300

39.5731 44.83 42.49 40.62 1.4026

39.0481 41.57 1.4084

30.7256 47.59 45.07 44.06 1.5125

15.3638 58.05 56.41 54.71 1.8135

10.2424 63.09 61.13 59.57 1.9896

7.7481 65.30 63.48 61.57 2.1108

6.1404 67.30 65.51 63.54 2.2118

3.7153 71.25 68.51 66.28 2.4300

3.0732 70.94 68.83 66.55 2.5124

2.4547 72.15 69.48 67.50 2.6100

1.8620 72.86 70.27 68.21 2.7300

1.2302 73.12 70.87 68.62 2.9100

0.6146 73.66 71.37 68.92 3.2115
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TABLE: B 19, Surface tension  v s  concentration  data for C^qS in 0 .1  M

NaCl

X (mNm

C, (mol d m '3x l 0 3) 10°C 25°C 40°C -log  C

38.5479 40.16 39.50 38.90 1.4140

31.0957 39.98 39.41 38.76 1.5073

22.3872 41.02 39.78 38.83 1.6500

18.6638 42.96 39.88 38.45 1.7290

15.5597 45.02 42.41 40.17 1.8080

15.4882 44.80 41 .70 41.02 . 1.8100

12.8529 47.23 45.07 43.13 1.8910

10.3753 48.06 46 .03 43.88 1.9840

7.7803 '50.94 47 .87 46.09 2.1090

6.1659 52.60 51.09 47.80 2 .2100

3.8547 57.60 55.00 52.87 2.4140

3.1117 59.02 56.77 55.21 2.5070

1.8663 62.07 59.52 58.45 2.7290

1.2445 64.44 62.54 61.03 2.9050

0.9333 66.37 64 .28 62.75 3.0300

0.6223 68.24 66.16 64.59 3.2060

0.3112 71.20 68 .58 65.92 3.5070

0.2489 71.38 69.10 66.50 3.6040

0.1991 72.12 70 .11 67.69 3.7010

0.1742 72.50 70.23 67 .70 3.7590

0.9954 73.08 70.66 68.63 4.0020
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TABLE: B 20 , Surface ten sion  v s  concentration  data for C^qS in 0 .5  M

NaCl

2f (m N m  4 )

C, (mol dm"3x l 0 4 ) 10°C 25°C 40°C - log  C

53.345 41.34 38.81 36.38 2.2729

35.563 45.50 43.23 41.64 2.4490

26.674 48.36 46 .00 45.56 2.5739

21.379 50.02 47.25 46.05 2.6700

10.668 56.23 54.76 53.52 2.9719

7.4679 58.97 57.44 56.60 3.1268

5.3493 61.90 60.23 59.18 3.2717

4.2658 62.40 60.46 58.83 3.3700

2.1399 67.31 65.62 63.30 3.6696

1.0697 71.10 69 .10 67.10 3.9707

0.8558 71.83 69.98 68.15 4.0676

0.6847 72.41 69.97 68.29 4.1645

0.5998 72.92 70.90 68.76 4.2220

0.5135 73.16 70.95 66.22 4.2894
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TABLE: B 21 , Surface ten sion  v s  concentration  data for in w ater

2f (mNm

C, (mol d m '3x l 0 3) 10°C 25°C 40°C - log  C

5.8762 49.81 47.80 46.73 2.2309

5.3505 53.33 50.78 49.30 2.2716

3.2643 57.80 55.80 55.31 2.4862

2.9383 58.19 56.24 55.56 2.5319

1.7627 64.15 62.53 61.12 2.7538

1.1751 68 .10 65.66 65.00 2.9299

0.7381 71.17 68.77 67.21 3.1319

0.5876 72.25 70.17 67.70 3.2309

0.4701 72.52 70.27 68.34 3.3278

0.3978 72.69 70.62 68.44 3.4003

0.3525 73.08 70.42 68.38 3.4528

0.2938 73.28 71.24 68.77 3.5320

5.2480 50.74 49 .40 48.54 2.2800

7.7803 45.45 2.1090

3.7844 54.11 2.422

2.3933 59.10 2.6210

8.5782 42 .98 41.60 2.0666

11.5345 40.05 39.29 1.9380

26.1216 39.19 38.76 1.5830

23.0675 _  _  — 39.17 38.76 1.6370
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TABLE: B 22, Surface ten sion  v s  concentration  data for C-^S in 0 .1  M

NaCl

C, (mol dm ^xlO^)

X (mNm *) 

10°C 25°C 40° C -log  C

1.5135 

1.0597 

0.7570  

0.4541 

0.3028  

0.2110  

0.1514  

0.1060  

0.1060  

0.0757  

.5 .2480  

3.6559 

2.6121 

8.2603 

28.793 

26.187  

13.094 

78.559 

23.993

60.53

63.77

66.21

69.04

70.63  

71.79  

72.48  

73.14  

73.27  

73.67

51.64  

54.60  

57.50  

46.98

58.68  

62.39

64.69  

67.44

68.75

69.76  

70.41  

71.03

70.80  

71.28  

50.31  

53.34  

56.30

35.84

35.57

41.27

45 .80  

35.95

57.40

60.87

63.22

65.77  

66.90  

67.73

68.22

68.84

68.77  

69.07

49.85  

53.01  

55.65

35.05

35.09

40.44

45.45  

35.44

3.8199

3.9748

4.1209  

4.3428 

4.5188  

4.6757

4.8199

4.9748

4.9748

5.1209  

3.2800  

3.4370  

3.5830  

3.0830  

2.5407  

2.5819  

2.8829 

2.1048  

2.6199
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TABLE: B 23 , Surface ten sion  v s  con cen tration  data for in 0 .5  M

NaCl

Y (mNm *)

C, (mol dm"5 ) x l 0 5) 10°C 25°C 40°C - log  C

8.7902 54.04 52.77 52.80 4.0560

6.1523 57.54 56.29 56.25 4.2109

4.3954 59.97 59.02 58.80 4.3570

2.6369 63.30 62.73 61.83 4.5789

1.7579 66.12 65.36 64.28 4.7550

1.2305 69.07" 67.59 66.19 4.9099

1.0546 70.35 68.84 67.88 4.9769

0.8790 71.04 69.36 67.88 5.0560

0.6152 72.61 70.83 69.12 5.2109

0.4395 73.46 71.46 69.50 5.3570

0.2637 74.43 72.08 70.25 5.5789

26.121 43.65 42.29 42.60 3.5830

18.285 46.86 46 .16 45.89 3.7379

13.061 50.37 49.23 49.41 3.8840

68.865 32.77 3.1620

38.264 38.06 3.4172

160.69 31.45 2.7940

206.53 31.55 2.685

103.27 — ____ ____ ________ 31.93 2.9860
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TABLE: B 24,S u rface  ten sion  v s  concentration  data for C^qEOS in w ater

y (mNm ■*■)

C, (mol dm ^xlO^) 10°C 25°C 40° C -log  C

2.3014 41.23 41.01 40.78 1.6380

1.5918 45.77 14.60 40 .74 1.7981

0.6027 59.60 55.31 54.12 2.2199

0.7745 56.98 52.40 51.38 2.1110

1.0471 52.26 47.80 46 .80 1.9800

1.2589 49.33 44.80 1.9000

0.8710 50.60 2.0600

2.6303 41.10 40 .68 1.5800

1.3490 42.05 1.8700

TABLE: B25:

Surface tension v s  concentration data for C^^EOS in 0 .1  M NaCl

y (mNm *)

C, (mol dm ^xlO^) 10°C 25°C 40° C -log C

7.7624 37.81 37.40 36 .78 2.1100

3.9810 42.93 31.51 39.07 2.4000

1.5595 52.09 22.51 48.49 2.8070

1.2465 53 .90 20.62 50.44 2.9043

2.3383 47 .56 26.95 44 .08 2.6311

6.9183 37.73 37.34 36.66 2.1600
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TABLE: B 26: Surface ten sion  v s  concentration  data for C^^EOS in 0 .5  M

NaCl

2f (mNm )

C, (mol dm"3x l 0 3 ) 10°C 25°C 40°C -log  C

2.7101

1.5135

0.7586

0.7145

2.2882

1.1558

38.68

45.59

51.90

41.27

33.97  

36.59  

43.65  

49.89

33.98  

39.44

33.10

35.77

42.93

49.27

33.01

38.66

2.5670  

2.8200  

3.1200  

3.4301  

2.6405  

2.9371
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TABLE: B 27, Surface tension  v s  concentration  data for C ^EO S in water

Z (mNm *)

C, (mol dm ^xlO^) 10°C 25°C 40°C log C

3.5301 41.82 42.40 2.4522

2.9010 46 .98 45.20 44.92 2.5375

2.6920. 45 .98 2.5699

1.9230 52.80 50.82 50.81 2.7160

1.4130 57.15 55.41 55.30 2.8498

1.0470 61.31 59.38 58.87 2.9800

TABLE: B 28 ,Surface  tension v s concentration data for C^EOS in 0 .1

NaCl

Z (mNm

C, (mol dm ^xlO^) 10°C 25°C 40° C log  C

27.1860 41.56 3.5656

13.5930 48.67 46.90 47.70 3.8668

9.2432 51.93 50.82 50.95 4.0343

6.7905 54.85 53.72 53.99 4.1681

5.4372 57.05 55.97 55.71 4.2650

4.0780 59.75 58.48 58.00 4.3904
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TABLE: B 29,S u rface  ten sion  v s  concentration  data for C ^EO S in 0 .5  M

NaCl

Y (mNm *)

C, (mol dm'3x l 0 5) 10°C 25°C 40°C - log  C

2.8996 49 .70 49.03 49.55 4.5377

2.3197 52.38 51.38 51.57 4.6346

2.0297 53.73 53.03 53.09 4.5272

1.4498 56.72 55.80 55.80 4.8387

1.1598 58.48 57.76 57.78 4.9356
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TABLE: B 30 , Surface ten sion  v s  concentration  data for C^EOSO in

water

2f (mNm

C, (mol dm"3x l 0 3) 10°C 25°C 40°C -log C

10.5974 38.70 39.00 39.07 1.9748

7.6050 38.85 39.12 39.20 2.1189

5.3112 39.09 39.41 39.46 2.2748

3.9003 40.79 39.62 40.20 2.4089

2.7656 46.25 44.17 44.81 2.5582

2.2599 48.52 45.95 46 .70 2.6459

2.2407 48.84 46 .00 47 .35 2.6496

2.0017 50.45 48.76 48.91 2.6986

1.6113 53.45 51.76 2.7928

0.9360 59 .30 58.00 58.20 3.0287

0.6285 60.87 3.2017

0.5744 63.87 62.85 62.69 3.2400

0.5744 63.07 62.13 63.30 3.2400

0.5248 64.16 63.33 62.51 3.2800

0.4980 64.77 63.39 62.82 3.3028

0.4491 65.44 64.27 63.45 3.3476

0.4467 65.53 64.39 63,82 3.3500

0.3713 67.91 66.73 65.78 3.4303

0.3713 68.55 66.86 65.85 3.4303

0.2630 69.93 68.13 67.46 3.5800

0.2072 70.95 69.39 67.85 3.6835
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TABLE: B 31 , Surface tension  v s  concentration  data for C^EO SO  j n  o . l

M NaCl

y (mNm 4)

C, (mol dm"3x l 0 4 ) 10°C 25°C 40°C - log  C

28.0670 33.70 33.44 33.20 2.5518

13.8990 33.85 33.59 33.44 2.8570

13.8990 33.56 33.33 33.26 2.8570

11.0150 33.69 33.55 33.31 2.9580

5.5975 33.74 -33.61 33.35 3.2520

4.4463 34.19 33.78 33.51 3.3520

3.8931 35.45 34.61 35.20 3.4097

3.8931 35.39 3.4097

2.7810 39.05 37.99 38.92 3.5558

2.7810 _ _ _ _ _ 38.65 3.5558

.1 .3867 45.15 44.51 45.81 3.8580

1.1746 46.63 45.44 46.14 3.9301

0.8342 50.28 49.68 49 .68 4.0787

0.6934 51.21 50.65 50.82 4.1590

0.4477 55.89 55.03 55.15 4.4771

0.2937 58.16 57.47 57.31 4.5320

0.1770 62.16 61.41 60.41 4.7540

0.1175 64.91 64.09 63.27 .4.9301

0.8222 66.58 65.38 65.00 5.0850

0.0587 68.32 66.75 65.79 5.2310

0.0470 70.01 68.38 66.70 5.3280
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0.0352 71.02 69.24 67.58 5.4529

0.0235 72 .19 70.29 68.28 5.6290

0.0117 73.20  71.23 69.26 5.9301

0.0047 74 .03 71.97 69.60 6.3280
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TABLE: B 32, Surface ten sion  v s  concentration  data for C^EOSO in 0 .5

M NaCl

2f (mNm *)

C, (mol dm'3x l 0 5) 10°C 25°C 40°C - log  C

93.8210 30.54 30.01 29.92 3.0277

4G.9130 30.54 30.11 30.08 3.3287

4G.9130 31.01 30.65 3.3287

23.4420 31.03 30.54 30.08 3.6300

13.1250 32.08 30.69 31.34 3.8819

12.3390 31.79 31.22 32.26 3.9087

12.3390 31.10 30.57 32.17 3.9087

10.5020 32.30 32.07 33.57 3.9787

7.8759 36.42 35.93 37.02 4.1037

6.5629 38.15 37.89 38.55 4.1829

5.2504 40.79 40.26 41.20 4.2798

3.9810 43.14 43.14 42.21 4.4000

2.6254 48.26 47.75 48.65 4.5808

1.3125 53.54 53.47 54.27 4.8819

0.6563 60.17 59.66 59.61 5.1829

0.3938 64.84 63.70 63.80 5.4047

0.2625 67.28 66.20 65.73 5.5808

0.3100 69.08 67.85 66.97 5.6778

0.2099 68.59 67.10 66.65 5.6778

0.1640 70.12 68.86 67.65 5.7850

0.1312 71.05 69.89 68.24 5.8819
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0.1125 72 .30 70 .60 69.12 5.9485

0.1126 72.06 70.39 68.93 5.9485

0.0938 73.17 71.31 69 .30  6.0277
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TABLE: B 33, Surface tension  v s  concentration  data for C ^E O jSO  jn

water

(mNm

C, (mol d m '3x l 0 4 ) 10°C 25°C 40°C - log  C

74.8500 41.65 41.40 40 .86 2.1258

38.5030 41.66 41.48 41.10 2.4145

24.3380 44.82 42.91 42.42 2.6237

1.9815 49.12 47 .04 46.55 2.7030

19.3370 4 6 . - - 45.62 45.86 2.7136

15.0450 51.79 49.09 48.70 2.8826

13.2370 52.41 50.80 51.06 2.8782

10.4281 54.72 52.92 52.54 2.9818

7.5509 56.09 55.32 55 .80 3.1220

5.4827 59.75 58.06 58.15 3.2610

4.G174 61.31 59.88 59.11 3.3356

3.9445 65.33 61.90 61.25 3.4040

2.0202 68.20 67.47 66.11 3.6946

1.9719 67.23 65.72 3.7051

1.4302 70.85 68.94 67.59 3.8446

1.0967 70.55 68.76 67.04 3.9599

0.8236 72.18 70.21 68.14 4.0843

0.6492 72.59 70.45 68.44 4.1876

0.4809 72.49 70.49 68 .24 4.3179
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TABLE: B 34,S u rfa ce  ten sion  v s  concentration  data for C^EC^SO in

0 .1  M NaCl

JT (mNm

C, (mol dm"3x l 0 5) 10°C 25°C 40°C - log  C

60.6730 36.30 35.38 35.02 3.2170

45.5090 36.46 35.68 34.96 3.3419

30.3380 37 .38 35.80 35.05 3.5180

24.2710 39.35 37.54 36.96 3.6149

18.2010 41.47 40.35 39.87 3.7399

12.1330 45.33 43.82 43.20 3.9160

6.2086 50 .90 49.45 48.75 4.2070

3.6408 54 .90 53.53 52.66 4.4388

3.0338 55.56 54.59 53.75 4.5180

2.4266 58.07 56.57 55.82 4.6150

. 1.8197 59.86 58.50 57.79 4.7400

1.2133 62.03 60.92 59.76 4.9160

0.6067 66.11 64.65 63.53 5.2170

0.4854 67.20 65.64 64.61 5.3139

0.2884 69.97 68.32 66.40 0.2884

0.2427 70.59 69.01 67.30 5.6149

0.1942 71 .28 69.51 67.68 5.7118

0.1456 72 .01 70.02 68.25 5.8368

0.0970 73.35 70 .94 69.07 6 .0130

0.0485 73.81 71.64 69.49 6.3139
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TABLE: B 35, Surface ten sion  v s  concentration  data for C^EC^SO jn o .5

M NaCl

y (mNm *)

C, (mol dm"3x l 0 5) 10°C 25°C 40°C - log  C

12.136 33.64 32.96 32.18 3.9159

11.033 33.91 33.06 32.39 3.9573

9.7723 34.48 33.40 33.21 4.0100

7.2828 37.34 35.54 35.24 4.1377

4.8640 40.45 39.02 38.94 4.3130

3.6408 43.22 41.89 41.63 4.4388

2.4266 47.24 45.64 45.55 4.6150

1.2136 52.75 51.59 51.30 4.9159

0.7284 57.37 56.04 55.84 5.1376

0.6166 59.74 58.07 57.66 5.2100

0.3641 62.06 60.64 60.38 5.4388

0.2427 65.25 63.87 63.32 5.6149

0.1456 68.88 66.87 66.10 5.8367

0.9709 70.98 68.90 67.82 6.0128

0.0608 73.31 70.96 69.07 6.1677

0.0582 73.94 70.35 69.68 6.2347

0.0485 73.31 71.40 69.70 6.3138

0.0388 74.26 71.90 69.82 6.4107
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