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ABSTRACT

ADVISOR: DR. HORST W. HOYER

A polarographic method fo r the determ ination of m icellar diffusion 

coeffic ien ts was developed and the diffusion coefficients of the sodium 

decyl su lfa te , sodium dodecyl sulfate and the sodium te tradecy l sulfate 

m icelles w ere determ ined. In o rd e r  to determ ine its  diffusion coeffic ient, 

the micelle must be specifica lly  tagged with an e lec tro -red u c ib le  sp ec ie s .

Two methods were used fo r tagging: Solubilization within the m icelle 

of a w ater insoluble d ivalent metal soap and divalent cation tagging of the 

micelle su rfa ce . Cadmium was chcsen a s  the tagging m etal ion since its  

reduction  wave is  in an a re a  which was free  from any in te rfe rin g  su rfac­

tant w aves.

The diffusion cu rre n t obtained from the tagged su rfac tan t solutions 

w ere com pared with the c u rre n t obtained from an ionic solution of cadmium 

whose concentration  co rresp o n d s to the cadmium concentration in the s u r ­

factan t solution. This ra tio  is  re la ted  to the diffusion coefficien ts of the 

species by the like vie equation. C orrec tion  fac to rs  for the spherica l 

natu re  of the m ercury drop and fo r the d iffe rences in drop tim es have 

been included:

(id n /id)ltDx K14 -  Dm

Of the two tagging methods used , doubts w ere ca s t on data obtained 

from the so lubilization method since a  sa lt effect on the cadmium soap
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was observed .

With the divalent cation tagging method, a known concentration of 

cadmium ions w ere added to the su rfac tan t so lu tions. The solutions 

w ere run polarographically  and the diffusion coefficients ca lcu la ted .

F o r the sodium decyl su lfa te , sodium dodecyl su lfate and sodium te tr a -
£  2 -6  2 decyl sulfate m icelles values of 1 ,66 x10~  cm / s e c ,  0 .87  x 10~ cm /s e c

£ 2
and 0 .46  x 10~ cm / s e c ,  resp ec tiv e ly , w ere obtained a s  the m icellar 

diffusion coeffic ien ts .

The in te rac tions between the cadmium and the micelle w ere inves­

tigated by doing a m onolayer study of the in te rac tion  of cadmium ions on a 

spread  long chain sodium su lfate (NaC2QSO^). It was found that the cadmi­

um ions w ere probably concentrated  in the su rface region and that no 

strong  in te raction  between the cadmium ions and the monolayer was indi­

ca ted . The activ ity  of a  constan t amount of cadmium ions in a varying 

amount of sodium dodecyl su lfate was m easured with a  cadmium specific 

ion e lec tro d e . T here was a  la rge drop in the cadmium ion ac tiv ity  a s  the 

su rfac tan t concentration  in c reased  indicating that the cadmium ion was 

adsorbed on the m icelle su rfa c e . The lack of any p recip ita tion  a s  the 

cadmium and su rfactan t concentrations w ere in c reased  ind icates that 

there  is no strong  in te rac tion  between the cadmium ion and the su rfac tan t.

T hus, since th e re  is  no strong  in te rac tion  between the cadmium 

ion and the su rfac tan t and that the cadmium ion is  on the su rface  of the 

m icelle , the polarographic method fo r the determ ination of m icellar dif­

fusion coefficients is  valid .
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G eneral Introduction to the Problem

Knowledge of the size  and shape of m acrom olecular and colloidal 

p a rtic le s  allow s one to p red ic t many of th e ir  physical p ro p e r tie s . The 

m easured diffusion coefficients of these m oieties will give some insight 

into th e ir  ac tual physical dim ensions. S tandard  methods fo r the m easure­

ment of diffusion coeffic ients a re  ra th e r  involved, both technically  and 

th eo re tica lly ; especially  when m icellar species a re  involved.

The problem at hand was to find a method for the rap id  determ ina­

tion of m icellar diffusion coeffic ien ts . The polarographic method is one 

in which diffusion coefficients can be determ ined rap id ly . The adaption 

of th is technique to the determ ination of the diffusion coefficients of sodi­

um alkyl su lfate m icelles was accom plished. Specific p rocedu res and 

techniques were developed for th is method and used with su c c e s s . The 

following is a rep o rt on the development of th is technique and on the r e ­

su lts  obtained with i t .

xiv



CHAPTER Is 

Background

M olecules having a hydrocarbon (hydrophobic) ta il with an ionic o r  

po lar head (hydrophilic) w ill tend to concen trate  a t an in te rfac e . These 

amphipatic compounds show sh arp  changes in the physical p ro p e rtie s  of 

th e ir  solutions above a c e rta in  concen tra tion . Above th is concen tra tion , 

commonly ca lled  the c r it ic a l m icelle concentration  o r cm c, an in c rease  

in su rfac tan t concentration  leads to the formation of la rg e  stab le  aggre­

gates w hich, a s  f i r s t  named by Von Nageli (1), a re  called  "m ice lles" .

The physical p ro p e rtie s  of solutions of su rface active m ateria ls  

change a t the c r it ic a l m icelle concen tra tion . T hese physical p ro p ertie s  

include m easurem ents of equivalent conductivity (2 , 3)* high frequency 

conductivity (4), dye so lubilization (2), su rface  tension (5) , osmotic 

p re s su re  (6), light sca tte rin g  (2), detergency (7) and density  (8).

(See figure 1) The leveling off of the osmotic p re s su re  suggests that a 

phase separa tion  is  o ccu rrin g  although no apparen t o r  g ro ss  phase sepa­

ra tio n  is  noted (9). The sh a rp  in c rease  in ligh t sca tte rin g  above the cmc 

ind icates the form ation of a colloidal species (9 *2) as  does the sudden in­

c re a se  in the concentration  of a w ater-inso lub le dye (2), solubilized by 

the detergen t so lu tion . The leveling  off of detergency  and surface ten­

sion is  indicative of the sa tu ra tio n  of the solution with alkyl sulfate an­

ions (7) with any additional anions going into micelle form ation . A 

d ec rease  in the equivalent conductivity of the su rfac tan t solution above 

the cmc is  due to the kinetic adsorp tion  of the counterions onto the mi­

c e lla r  su rface  due to its  high su rface ch a rg e ; hence reducing  the number 

of counterions available to c a r ry  the c u rre n t and low ering the net charge
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on the m icelle . Also the re ta rd a tio n  effect (braking effect) of the ionic 

atm ospheres of the unattached counterions on the m icellar m igration ex­

p lains th is phenomenon (10 , 11).
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A) M icellar P hysica l P ro p e rtie s

The physical p ro p erties  of m icelles has long been a subject of in­

vestigation . Techniques used to investigate the p ro p ertie s  of m acrom ole- 

cu les have been used to elucidate the s tru c tu re  of m icelles since they a re  

colloidal in n a tu re . A b rie f d iscussion  of se v e ra l of these techniques and 

re su lts  obtained from them will follow.

The physical s tru c tu re  of a micelle has been a m atter of d iscussion  

and dispute by many au thors fo r a number of y e a rs . H artley (12) postu­

lated that the sim plest possib le  micelle in dilute solution is  roughly 

spherica l in shape, two ion lengths in d iam eter. These would be composed 

of the long chain ions so that the po lar heads a re  outward in contact with 

the w ater and th e ir  long chains forming a hydrocarbon in te r io r . The mi­

ce lle  would be surrounded by a Coulomb cloud of gegenions in a variable 

num ber. McBain (13) believed that th e re  a re  two types of m icelles: a 

small ionic micelle at low concentrations sim ilar to the one ju s t mentioned, 

and a la rge neu tra l o r  lam ellar type (see figure 2) in which the polar 

heads line up with po lar heads and the hydrocarbon ta ils  align with the 

hydro; arbon ta i ls .  McBain (14) and H arkins et a l (15) using X -ray  dif­

fraction  showed that a t high soap concentrations a lam ellar s tru c tu re  was 

found. C orrin  (16) by calcu lating  the angu lar varia tion  in intensity  of 

the sc a tte re d  X -ray  rad ia tio n , assum ing a spherica l m icelle, obtained 

qualitative agreem ent with observed sca tte rin g  cu rves while H arkins (17) 

sta ted  that a cy lindrical model of the m icelle a t high su rfac tan t concentra­

tion is  more ap p ro p ria te . B rady (18) using F o u rie r  ana lysis of an X -ray  

diffraction pattern  of sodium dodecyl su lfate concluded tha t the spherical 

model of the micelle was most compatible with his d a ta . R eiss-H usson  e t
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al (19) using absolute small angle X -ray  sca tte rin g  concluded that for 

sodium dodecyl su lfate the micelle is  spherica l a t low concentrations and 

is  transform ed into ro d -lik e  m icelles a t higher concen tra tions, th e  rod­

like model seems to be consisten t with H a rk in s ' (17) cy lindrical model. 

Although the spherical form is  the generally  accepted shape of the micelle 

(9)» any shape is  actually  possible since it is a  finely despersed  second 

p h ase .

M easurements of the amount of light sca tte red  by solutions of asso ­

ciation collo ids provide information about the weight of and charges on 

the m icelle. Debye (20,21) derived  an expression  which re la ted  the tu r­

bidity , t ,  of the solution of m acrom olecules to its  m olecular weight, M:

H C /t = 1 /M + 2 B c (1)

where c is the concentration , P is  a constant which is  a m easure of the 

deviation from ideality  in the v a n 't  Hoff osmotic p re ssu re  law and

light and n and nQ a re  the re fra c tiv e  indices of the solution and so lven t, 

re sp ec tiv e ly . If H c/t is  plotted against c , the in te rcep t at the y -ax is  

when c equals ze ro  is l/M .

When dealing with m icellar solutions there  is  a slight modification 

cf equation 1. Since it is  assumed that the re  a re  no m icelles below the 

cmc, the c term  is  then modified to become (c -  cmc) (21), which is  re p re ­

sentative of the concentration of miceL - s .  Below the cmc the light sca t­

te red  is independent of the su rfac tan t concentration (22) so that the t 

term  is  modified to become (t -  tQ), where t is  the turbidity  below the cmc.

where N is  A vogadro 's num ber, \  is  the wavelength of the incident
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E dsall e t a l (23) showed that the charge  of colloidal e lec tro ly tes  

can be calcu lated  from the slope B of the H c /t vs c cu rv e . Assuming ideal 

behavior (activity  coefficient = 1) fo r a ll species the simplified exp ression  

fo r the effective ch a rg e , p , was derived  (22):

P = M J b T  (5)

w here B is  the slope a t infinite dilution of the colloidal ion (the cmc fo r 

m icellar solutions) and x is  the concentration  of the simple salt a t that 

point (added sa lt if any plus the cm c).

Mysels and cow orkers (22,24) did light sca tte rin g  m easurem ents on 

sodium dodecylsulfate so lu tions. In the e a r l ie r  p aper (22) they obtained a 

m olecular weight of 23,000 with an aggregate number of 80 monomers/mi­

ce lle  with an effective charge of 14.5  e lec tro n s/m ice lle  fo r sodium dodecyl 

sulfate in w ater only • In the la te r  paper (24) they modified th e ir  light 

sca tte rin g  technique and obtained the following: an aggregate number of 

62 m onom ers/m icelle and an effective charge of 1 04 e lec trons p e r  mi­

c e lle . The value of the m olecular weight is  that of the unhydrated m icelle 

(25); in o th e r work the micelle is  assum ed to have a  hydration th ickness 

of 1 .5A (25).

The use of sedim entation methods to determ ine physical p ro p ertie s  

of m acrom olecules is  well docum ented. The Svedberg  (26) did much to 

advance the field of u ltracen trifugation  which is a  method of producing 

acce le ra tio n s up to 300 ,OCK) g ’s .  If a  p a rtic le  of m ass m fa lls  in a medium 

of density p  , then the g rav ita tional force on the p artic le  is  m(1 -  v p)e, 
w here v is  the p a rtia l specific volume of the p a r tic le . If the velocity  of 

sedim entation is  d x /d t, then f(dx/dt) is  the fric tion  force w here f is  the 

fric tiona l coeffic ien t. Thus at the term inal velocity :

5



f(dx/dt) = (1 - v p j m g  (4)

In a  cen trifugal field of fo rc e , g is  rep laced  by w x where w is 

the angular velocity and x is  the d istance from the cen ter of ro ta tio n .

Thus:

f(dx/dt) = (1 -7 p )m w ^ x  (5)

If s ,  the sedimentation constan t, is  substitu ted  fo r (dx/dt)/w  x ,

then:

S = (1 -  v p  ) /f  (5a)
If the sedim entation fric tio n a l coeffic ient is  the same a s  the diffusion 

fric tiona l coefficient then the S to k es ' E inste in  equation (see next section) 

can be substitu ted , thus:

M = KTs/D(1 -  v p )  (6)

where M is  the m olecular weight,

(Jranath (27) used sedim entation techniques to determ ine the molecu­

la r  weights of sodium dodecyl su lfate m icelles in the p resen ce  of various 

e le c tro ly te s . Also from h is  sedim entation d a ta , fric tio n a l ra tio s  (see 

next section) fo r the sodium dodecyl sulfate m icelle w ere ca lcu la ted .

E le c tro p h o re s is , the movement of a charged p a rtic le  in an e lec tric  

fie ld , has been used to determ ine the s iz e , charge and shape of a m icelle . 

The e lec tro p h o re tic  velocity , as  a f ir s t  approxim ation (28) is :

v = e «ppd o 5  '  41f 7 °  t7)

where Ea pp is  I he applied po ten tia l, Dq is  the d ie lec tric  constan t of the 

solvent, ^  is  the ze ta  potential and is  the v iscosity  of the so lven t.

From  the e lec trophore tic  mobility (v /E  ) of the m icelle and the ze tar r
po ten tia l, S tig te r  and Mysels (29) using a tr a c e r  e lec tro p h o res is  technique

6



suggested by Hoyer (30) determ ined the m icellar charge and degree  of 

ionization for sodium dodecyl su lfate in w ater and various NatJl solu­

tions* it was found that 28.7% of the counterions move f re e ly . This 

ag ree s  with Mysels and Dulin (31) who by m easuring tran sp o rt numbers 

showed 28% of the counterions mcve independently. B o tre ' et a l (96) and 

F einste in  et a l (98) found, by using electrom otive force m easurem ents of 

sodium io n s , a degree of d issocia tion  of cations (sodium ions) from the 

NaDDSO^ m icelle to be 16% and 14%, resp ec tiv e ly , while Shedlovsky 

et a l (97), a lso  using emf m easurem ents of sodium ion , found it to be 22%.

From these d a ta , S tig te r  and Mysels (29) concluded that the micelle 

su rface  is  net likely to be a smocth one. it is  believed that the heads r is e  

above the su rface  so as  to expose the whole po lar a re a  to the w ate r. The 

sm aller sodium ions will then be able to pene tra te  into the su rface . This 

roughness of tne micelle may explain its  re la tiv e ly  low degree of ioniza­

tion (29).

In sum m arizing, the sodium dodecyl sulfate m icelle in w ate r, at 

room tem p era tu re , a t low concentration  is roughly sp h e rica l being tra n s ­

formed into a  ro d -lik e  s tru c tu re  a t higher concen tra tions, i ts  m olecular 

weight is  somewhere between 18,000 -  23,000 with an aggregate number 

between 60 -  80 m oncm ers/m icelle. ih e  degree of ionization is  some­

where between 15 -  28% with an effective charge of 10 -  15 e le c tro n s /-  

m icelle. ih e  su rface of the micelle is  rough, with some of the polar 

heads above the su rface .
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B) Diffusion Coefficients

1) F ic k 's  Laws

Diffusion is  defined a s  the d irec ted  movement of a substance 

under the influences of fo rces  that a r is e  from d ifferences in the concen­

tra tio n  of the substance in various p a rts  of the medium. The d irec tion  of 

diffusion is  from reg ions of higher to low er concentrations (or chemical 

potential) and its  ra te  is  p roportional to the magnitude of the concentra­

tion d ifference and to ce rta in  c h a ra c te r is tic  p ro p e rtie s  of the diffusing 

substance and the medium.

The diffusion of a substance in one d irec tio n , called  lin e a r diffu­

sio n , is  the sim plest type . If one co n s id e rs  a  cy linder (figure 3) in which 

the diffusion is  proceeding in an upward d irec tion  (+x d irec tion ), the

number of moles of a substance that diffuse a c ro s s  a given c ro s s -se c tio n ,
2

A cm , in an infinitesim al in te rv a l of tim e, d t, is  p roportional to the con­

cen tration  g rad ien t, d c /d x , a t the plane in question and is  ex p ressed  as : 

dJN = -DA O c / ^ x ) d t  (8) 

w here D is  a constan t of proportionality  ca lled  the "diffusion coeffic ien t" .

This re la tio n sh ip  was f i r s t  recognized by F ick  (32), D has the units of
o

length /tim e , and is  the number of moles of substance that d iffuses a c ro s s

the unit a re a  in unit time a c ro s s  a unit concentration  g rad ien t. F ic k ’s f i r s t

law is  usually  exp ressed  a s  a flux which is  the number of moles of substance

which flow through a unit a re a  in a given time:

f t = dN/Adt -  - D ( 9 c / d x )  (9)
*

In o rd e r  to calcu late  the to tal amount of m aterial that diffuses 

a c ro s s  a  given plane in a  finite time in te rv a l, one must have a knowledge
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of the change in concentration with time at the plane in question . The 

change in concentration with time between two planes separa ted  by a 

d istance of dx is  equal to the d ifference between the number of moles 

en terin g  a t plane x and the number leaving a t plane x+dx, divided by the 

volume, Adx, enclosed between the planes:

d c /d t = |(dN /dt)x -  (dN/ d t)x+<1̂ j  / Adx (10)

or: dc/dt = (fx -  *x+dxV dx (10a)

but fx+dx = fx + ® V » xM* <11>

From equation 9s = - D j ^ c / j x ^  (12)

From the above equation the fundamental d iffe ren tia l equation for lin ear 

diffusion, o r  F ic k 's  Second Law, is  obtained:

3 c / 3 t  = D ^ c /f c x 2 (13)

in o rd e r  to obtain an expression* for c as a function cf x and t ,  it is  

n ecessa ry  to in teg ra te  the above equation, in the in tegration  it is  neces­

sa ry  to specify in itial and boundary conditions; that i s ,  the concentration 

a t the plane in question a t time z e ro , the method of estab lish ing  the dif­

fusion la y e r , and the re s tr ic tio n s  imposed by the geometry of the diffu­

sion field .

ih e  general diffusion equation may be in tegrated  to yield the follow­

ing equation:
2

C = (c /2X1 - 2  f  e-y dy) (14)
W  J  o

where y = x /2 ^ D t' (15)

and c is  the concentration a t time t and d istance x from the orig inal 

boundary using the following boundary conditions:
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at t -  0 , for x ^ O ,  c = 0

x < 0 , c = cQ, where cQ is  the in itia l concentration , and

the following assum ptions a re  made: 1) the diffusion coefficient is  inde­

pendent of concentration and 2) th e re  a re  no ce ll effects (11). Typical 

solutions for equation 14 at d ifferen t t values a re  shown in figure 4
_ r j  p

where a value of D equal to 2 .5  x 10~ cm /s e c  is  u sed . A more conven­

ient form of equation 14 is  the completely in tegrated  one:

c / c o = ( i i m T y  exp t-x2/4Dt) (33) (16)

If In c v e rsu s  x is  p lo tted , the slope of the curve is  - l /4 D t  from which 

the diffusion coefficient can be ca lcu lated .

2) Determ ination of P hysical P ro p e rtie s  from Diffusion Coefficients

In the determ ination of the physical param eters of colloidal p a rti­

c le s ,  a simple geom etric model (sp h ere , e llipso id  o r  rod) must be assumed 

in o rd e r  to apply a hydrodynamic treatm ent to the p a r tic le s . A lso , i t  must 

be assum ed that the p a rtic le s  a re  free  to c a r ry  out th e ir  appropria te  mo­

tions independently without in te rac ting  with like p a r tic le s ;  that i s ,  the 

solutions a re  sufficiently d ilu te , and the p a rtic le  size is  much la rg e r  than 

that of the solvent so that the only re ta rd in g  fo rces  a re  fric tio n a l.

S tokes (54) by using the above assum ptions and by also  assum ing that 

the lay e r of solvent ad jacent to the p a rtic le  moves with the p a r tic le , de­

rived  an expression  for the fric tiona l coeffic ien t, f , of a spherica l p a r­

tic le : f = 6f f y r  (17) w here 07 is  the v iscosity  coefficient of the

solvent and r  is  the rad iu s of the p a r tic le .

The re la tionsh ip  between the fric tio n a l coefficient and the diffusion
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coefficient of a p a r tic le , derived  by E instein  (35) in 1905, is :

D = KT/Nf (18), where M is  A vogadro 's  num ber.

If one assum es that the p a rtic le s  a re  sp h e ric a l, then the general 

fric tional coefficient in E in s te in 's  equation becomes identical with 

S to k es ' fric tiona l coefficient and equation 17 and equation 18 can be 

combined. Thus a re la tionsh ip  between the diffusion coefficient and an 

equivalent spherica l rad iu s  is  estab lished :

D = KT/6*ff*7Nr (19)

If one is dealing with la rg e  sp h erica l m olecules which do not poly­

m erize in so lu tion , o r  undergo solvation, and whose m olar volume in so­

lution is  the same a s  in the pure s ta te , the rad iu s  can be computed from 

the m olecular weight, M, and the density , d , of the substance in the pure 

s ta te  by:

M = (4/ 3)TTr5Nd (20)

By substitu ting  for r  in equation 19* the following re la tio n sh ip  is  

obtained fo r the diffusion coefficient of a hypothetical unsolvated sp h eri­

ca l p a rtic le  of the same m olecular weight and density  as  that being 

investigated:

Dq = RT(4 7TNd)^3 /  67fj?N(3M)y3 (21)

The deviation from the "ideal" spherica l unsolvated p artic le  is  

m easured a s  the fric tiona l ra tio  (11):

f/fo  -  Dq/D  (22)

The two main reasons lor D / D  to be greater than unity are 1)

the occurrence  of solvation of the p a rtic le  and 2) the deviation of the 

p a rtic le  shape from that of a sp h e re , Oncley (36) suggested that the
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fric tiona l ra tio  could be separa ted  into solvation and asymmetry fac to rs  by 

the following equation:

f/f0 = tf/ytyy = w
w here f /fQ is  the in c re ase  in the fric tiona l ra tio  due to solvation of the 

p a rtic le  and f / f  is  the effect due to the asymmetry of the p a r tic le .V U
K raem er (37J derived  an expression  fo r the fric tiona l facto r due to 

only solvation by assum ing the solvating liquid to have the same density  

a s  the bulk liquid:

i / f e = DeD = (1 + w / v p / 3 124)

w here w is  the weight of solvent whose density is  £> solvating one gram 

of pure solute of p a rtia l m olar volume V.

Herzog et a l (38) and P e r r in  (39) deduced an expression  re la tin g

the asym m etrical fric tiona l fac to r to the ax ial ra tio  of an e llipso id  of ro ­

ta tio n . P e r r in 's  re la tionsh ips a re : 

fo r p ro la te  e llip so ids: (b /a  1)

fe/ f0 “ D0/D e = (1-b2/a 2)V (b /a )2 /31n(1-K1-b2/a 2)*/(b/a)) (25) 

fo r oblate e llip so id s: (b /a  ^  1)

fe/ f 0 = D0/D e -  (ta2/ a 2-1 )*  (b/a)2 /3 tan~|(b2 -t&  (26)

T hus, a  knowledge of the diffusion coeffic ien ts of a p a rtic le  allow s 

fo r the calculation of various m olecular p a ram ete rs  of the p a r tic le . S ize 

and shape a re  param eters which perm it one to p red ic t various physical 

p ro p ertie s  of m acrom olecules.

3) Methods of Determ ining the Diffusion Coefficient

In spite of the fundamental im portance of the diffusion coefficient
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in determ inining the physical p ro p e rtie s  of colloidal e le c tro ly te s , only a  

limited number of values have been rep o rted . The d ifficu lties inherent 

in the usual experim ental methods in the determ ination of diffusion coef­

fic ien ts seem s to account for th is lack of m icellar diffusion d a ta . A 

b rie f descrip tion  of some of the standard diffusion m easurem ent tech­

niques and th e ir  application to m icellar diffusion will be given.

a) in te rfe ren ce  Method

Longsworth (40) studied the diffusion of various sa lts  by observ­

ing the spreading  of a boundary using an in te rfe ren ce  method. When 

light p asse s  through a boundary separa ting  two so lu tions, the ray s  a re  

deflected by the g rad ien ts  of re fra c tiv e  index.

The image of the illum inated horizontal s l i t ,  s ,  is  thus sp read  over 

a rec tan g u la r a re a  in the focal p lane, P . (See figure 5) The upper edge 

of the a re a  is formed by the light that p a s s e s , without deflection , through 

the homogeneous lay e rs  of solvent and solution that a re  above and below 

the boundary, re sp ec tiv e ly , th e  low er edge of th is  a re a  is  formed by 

light that undergoes a maximum deflection in the boundary. As the diffu­

sion p ro ceed s , the boundary becomes more diffuse and the a re a  in the 

image plane co n trac ts  upw ard. At any instan t one sees an in te rfe ren ce  

pattern  which is  qualitatively  described  by Uouy (41) and quantitatively 

by Kegeles and Go sting (42). -Longsworth used both a  T ise liu s  and Lamm 

ce ll to hold the diffusing m a te ria ls , in the T ise liu s  ce ll an in itia l sharp  

boundary between the solution and solvent was formed by a  shearing  

mechanism . This ce ll was not good optically  since it  d is to rted  the s lit
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image with re sp e c t to its  length (40).

in the Lamm ce ll the boundary was formed by removal of a  p a rti­

tion between the solution and the so lven t. The c e ll ,  although optically  

good, always left the possib ility  of leakage from the partition  (40).

Using the d istance of the in te rfe ren ce  line from the image of the 

s l i t ,  the number of in te rfe ren ce  fringes and various ce ll constan ts to 

obtain a num erical constan t, C ,, and a path d ifference p aram ete r, j  ,Tr m
the diffusion coefficient is ca lcu lated  from:

D = V A 2b2/4 IT Ctt (27)
w here A  is  the wavelength of ligh t, b is  the optical d istance from the 

cen te r  of the ce ll to the photographic p lant and t is  the run  tim e, in 

th is  method a ze ro  time co rrec tio n  is  n ec e ssa ry  since th e re  is  an in itia l 

mixing of the solution and solvent and th is  cau ses  the concentration  d is­

tribution a t any instan t to appear as though the boundary had formed a t a 

time before it actually  form ed.

Using the above method, Brudney and S aunders (43) determ ined 

the in teg ra l diffusion coefficient fo r sodium cholate and potassium  decano- 

a te  and o th e r colloidal system s. The in teg ra l diffusion coefficient is  ap­

plied to a value of D found by allowing a  solution to diffuse into pure 

w a te r . The same au tho rs also  determ ined the diffusion coefficients fo r 

potassium  lau ra te  below and above the cmc (44) which they found drops 

off sharp ly  a f te r  the cmc and then goes through a minimum (although not 

found by o th e rs) a t some concentration  above the cmc • P a rk e r  and Wa- 

sik  (45) a lso  using the in te rfe ren ce  method in conjunction with an IBM 

704 com puter determ ined the diffusion coeffic ien ts of dodecyl trim ethyl
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ammonium chloride below and above the cmc. They also found that the dif­

fusion coefficient d ec rease s  sharp ly  a t the cmc in a step type of function.

b) S cale  Method

Lamm (46) developed an optical method of following diffusion 

ca lled  the scale  method. A uniformly illum inated tran sp a ren t scale  is  

placed behind the observation  ce ll and the image of the scale  is focused 

on a ground g lass o r photographic p la te , if the ce ll contains a  homogene­

ous flu id , then an undistorted  image of the scale  is  obtained, if there  is  

a liquid boundary in the ce ll in which th e re  is  a change in re fra c tiv e  in­

dex , p a r t of the image of the scale  is  d isp laced . By m easuring th is d is­

placem ent one is able to ca lcu late  diffusion inform ation.

Lamm (47) used th is  method to determ ine diffusion coefficients 

fo r the potassium  sa lts  of lau ric  and m yristic  acids in an alkaline medi­

um. (Jranath , using the scale  method also  determ ined diffusion coefficients 

fo r potassium  lau ra te  and m yrista te  (48) and determ ined m icellar diffusion 

coeffic ien ts fo r potassium  o lea te , sodium dodecyl sulfate and cety l t r i ­

methyl ammonium bromide (27).

c) Open End C apillary  Method

Another method of determ ining diffusion coefficients was developed 

by Anderson and Saddington (49) and Wang (50), in th is method, fine 

uniform c a p illa rie s  which a re  filled  with a rad ioactive tr a c e r  solution, 

a re  held in a v e rtic a l position in a la rg e  c ircu la ting  bath of non-rad ioactive 

solution (see figure 6). The prim ary assum ption in th is  genera l method is
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that the mass d ifference between the rad ioactive  tr a c e r s  and the non-rad io­

active species will not affect the diffusion coefficient to any la rg e  ex ten t, 

o r  in o ther w o rd s , the t r a c e r  atoms behave exactly the same way as the 

non-rad ioactive  atom s. If a  se lf-d iffusion  coefficient is  to be determ ined, 

then the non-active solution is  to be a t the same concentration  a s  the t r a c ­

e r  solution. The tr a c e r  is allowed to diffuse upw ard, and the concentra­

tion of t r a c e r  a t the open end of the c a p illa rie s  is kept e ssen tia lly  a t 

ze ro  by s t i r r in g  the non-active so lution. In th is case  the diffusion is  

essen tia lly  one dimensional and lin ear so that F ic k 's  second law (equa­

tion 13) is  followed: The solution to th is  d iffe ren tia l equation becomes 

(50)!

c / c o  “ ________
7 r  _____

= _4_____ ^  G-t |n exp£-(2n+1 )̂ *7T ^Dt/41^] co^(2n+1 )n )^

(28)

w here cQ is  the in itia l concentration  of t r a c e r ,  1 is  the length of the capil­

la r ie s  and t is  the time of the ru n . in o rd e r  to fac ilita te  the ca lcu lations 

Wang (50) derived  an expression  for the average  t r a c e r  concentration  in 

the cap illa ry :

= 8  V - U  exp r-t2 n + 1 )2 - f f2D t /4 l7  (29)

4 | v ^  p
and then chose values of D t/l and calcu lated  c_ „ /c  * A general workingav oP
curve of cay/ c 0 vs D t/l was draw n.

Kolp et a l (51) and (Jourchene (52) used  the cap illa ry  method to 

determ ine the diffusion coefficients of dodecylbenzene su lfonate, dim ethyl- 

dodecyl amine oxide and a m ixture of the tw o. (51,52) and (51) 

w ere used a s  t r a c e r s ,  it was a lso  found that the diffusion coefficient is
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independent of concentration below the cmc and above the cmc it dropped 

off rap id ly , a t f i r s t  and then more and more gradually  with increasin g  

concen tra tion .

The diffusion coefficient of a micelle can be determ ined d irec tly  

by tagging the micelle with a tra c e  amount of rad ioactive m aterial that is  

completely solubilized by i t .  L auryl alcohol, tagged with at a level 

of 10 ppm, was used (51). it was found that th is amount of tagging agent 

left the m icellar s tru c tu re  unaffected.

d) P orous B a rr ie r  Method

Another general method for diffusion coefficient determ ination is  

w here the species diffuse through a  porous b a r r ie r .  This method was 

orig inally  developed by N orthrop and Anson (53) and fu rth e r refined by 

McBain and Liu (54). This method co n sis ts  in sep ara tin g  two homogene­

ous b ld ies of solution by an ind ifferen t membrane with p o res  of a  visib le 

o r  m icroscopic s iz e ; thus confining the diffusion grad ien t to within the 

membrane (see figure 7).

The m aterial whose diffusion coefficient is  to be determ ined is  

placed in the c e ll. P r io r  to the actual determ ination, a "steacfcr diffusion 

column" (54) is  estab lished  in the membrane. The ce ll is  then placed 

into a  tight fitting  beaker and the experim ent begins.

Since the diffusion gradient is  lin e a r within the m em brane, F ic k ' s 

second law is  app licab le . Solving the d iffe ren tia l equation, McBain e t ad 

(54) a rr iv ed  a t the following:

KdtE = log c -  log(cQ -  2c) (30)
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where K is  the ce ll constan t, tg  is  the elapsed  time and c is  the concen­

tra tion  in the beaker. By using a m aterial whose diffusion coefficient is  

known the ce ll constant is  determ ined and a ll values of D a re  expressed  in 

absolute values.

Using a porous membrane cell McBain and cow orkers studied the 

diffusion of potassium  lau ra te  (54), sodium cleate  (55), and some sulfonic 

ac ids (56, 57). it was found that as  the concentration of the soap in c re ased , 

the diffusion coefficient dropped off sharply  a f te r  the cmc and then leveled 

off. H artley and Kunnicles (58) did diffusion m easurem ents on cety l p y r i-  

dinium chloride with swamping e lec tro ly te  a s  did Abbot and T a r ta r  (57) 

on dodecanesulfonic ac id . Dean e t a l (59) used th is method to study the 

diffusion of A erosol UT m icelles tagged with a w ater insoluble dye,

O range OT.

A method which was specifically  for the m easurem ent of diffusion 

coefficients of m acrom olecular t r a c e r  system s was developed by Mysels 

and S tig te r  (60). The tr a c e r  and tr a c e r le s s  solutions a re  immobilized in 

two fritted  g lass d isc s  (see figure 8). The d isc s  a re  clamped together 

and submerged in m ercury to p revent evaporation during the proceedings. 

A fter some time they a re  separa ted  and the amount of tra c e r  in each disc 

is  determ ined, usually by spectrophotom etric m ethods. Working curves 

re la tin g  the ra tio  of tran sp o rt a c ro ss  the plane of separation  to (t^ )^  

allow s the unknown diffusion coefficient to be determ ined from:

t 1D1 = t2D2 (31)

w here is  the known diffusion coeffic ien t, and t2 is  the time of the ru n .

S tig te r  et a l (25) used th is method to determ ine the self-d iffusion
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coefficient fo r sodium dodecyl su lfate m icelles. The diffusion coefficient 

was found to d ec rease  sharp ly  at the cmc and d ec rease  le s s  sharply  a s  

the su rfactan t concentration is  in c rease d .

The previously mentioned methods have se v e ra l major draw backs 

which leave them unfeasible for the rap id  determ ination of m icellar dif­

fusion coeffic ien ts . They a re  a ll experim entally ted ious, in that they 

a re  time consuming and involve e labo ra te  se t-u p s and techniques. Cal­

culation cf the diffusion coeffic ients is usually  complex with the actual 

data m easurem ents being d ifficu lt.

In the following ch a p te r , a  polarographic method fo r the determ ina­

tion of m icellar diffusion coefficients has been developed. This method 

is  experim entally sim pler and fa r  le ss  involved in the calculation of the 

diffusion coeffic ien ts .
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CHAPTER II:

Polarography

A) Theory and Conventional Experim ent

The polarographic method of ana lysis invented by Heyrovsky (61) 

is  based on the c h a ra c te r is tic s  of the cu rren t voltage cu rv es  obtained 

when solutions of e lec tro ac tiv e  m aterials a re  electro lyzed  a t a  dropping 

m ercury e lec trode  (DME). The ra te  of d ischarge of ions, which is  

m easured a s  a c u r re n t, is  contro lled  by the diffusion of the e le c tro ­

active species to the e lec tro d e . The polarograph invented by Heyrovsky 

and Shikata (62) is  an instrum ent which autom atically re c o rd s  the c u r -  

ren t-vo ltage  curves obtained with the DME.

When a  m icro -electrode (platinum o r some o th e r metal) is  placed 

into a solution of an e lec tro ac tiv e  species and an EMF is  imposed on the 

e lec trode  so as to equal o r  to exceed the decomposition potential of the 

e lec tro ac tiv e  sp e c ie s , a  c u rre n t will begin to flow due to the deposition 

of the sp e c ie s . As the e lec tro ly s is  proceeds and the solution is  left un­

s tir re d  , the a re a  immediately surrounding the e lec trode  will become de­

pleted in th is  e lec troactive  species and i ts  concentration w ill approach 

z e ro . As equilibrium  is  es tab lish ed , the c u rre n t flow will reach  a con­

stan t value since the ra te  of d ischarge  of e lec troactive  sp ec ies  a t the 

e lec trode  is  to tally  contro lled  by i ts  ra te  of diffusion into the e lectrode 

a r e a .  By using F ic k 's  law for lin e a r  diffusion the diffusion c u rre n t be­

comes equal to (63):

i -  DnF(c -  Cq) 0 2 )

f
where D is the diffusion coefficient, n is the number of electrons
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t r a n s fe r re d , F  is  the F a rad ay , f  is  the hypothetical th ickness of the 

diffusion layer and c is  the bulk concentration with cQ being the concen­

tra tio n  a t the e lectrode su rfa ce .

When dealing with re v e rs ib le  e lec trode  re a c tio n s , the c u rre n t 

v e rsu s  voltage cu rv es obtained with the metal m ic ro -e lec tro d es hardly 

ev e r correspond to the th eo re tica l ones because of po larization  phenome­

na (64). Also the overvoltage fo r  hydrogen is  re la tive ly  small fo r many 

of the metal e lec tro d es; hence they a re  lim ited in th e ir  e lectro reduction  

ran g e . The su rface  of the e lec trode  is  usually easily  contaminated and 

while e lec tro -d ep o sitio n  is  taking place the a re a  as  well as  the e lectrode 

c h a ra c te r is tic s  will change.

When the DME is  used , the cu rren t-v o ltag e  cu rves follow more 

closely  the th eo re tica l ones (64), the hydrogen over-vo ltage is  very  high 

and the su rface  of the m ercury is  constantly  being renew ed.

When using a  DME, the equation fo r the diffusion c u rre n t must 

take into account the ra te  of change of the size of the m ercury d ro p . I I-  

kovic (65) was the f i r s t  to derive  an expression  fo r the re su ltin g  cu r­

r e n t .  The following equation is  the th eo re tica l equation fo r the cu rre n t 

a t any instan t t ,  in seconds, during the life of a m ercury  drop (64):

i t = 0.752nFD ^cm 2/ V 6 (33)

w here m is  the weight of m ercury flowing from the cap illa ry  p e r  second, 

(gm /sec), c is  the bulk concentration of e le c tro -ac tiv e  sp e c ie s , (m ole/-
•a 2

cm ) , D is  the diffusion coeffic ien t, (cm / s e c ) ,  n is  the num ber of elec­

tro n s  tra n s fe r re d , F  is  the F araday  (coulombs), and the 0 .732  is  a  com­

bination of num erical co n stan ts .
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By converting into m icroam peres, c into m illim oles/l and m 

into m g/sec and substitu ting  96,500 coulombs for F , the following is  

obtained:

i t = 706nD^cm2/ 5ty6 (54)

E xperim entally , it  is  e a s ie r  to m easure the average c u rre n t since 

most instrum ent re c o rd e rs  a re  damped somewhat and the true  value of i  ̂

will not be re c o rd e d . Thus the average c u rre n t is  the hypothetical con­

stan t c u rre n t which, flowing fo r a length of time equal to the drop tim e, 

would produce the same quantity of e lec tric ity  a s  the quantity actually  

associa ted  with each drop (66J. The average  c u rre n t is  defined by (64):

1 = J   f tm ax i tdt (57)
lmax J  o

w here t is  the drop tim e. Substitu ting equation 54 for i and in te g ra t-  max x
ing, the m oie fam iliar form of the Ilkovic equation fo r the average c u rre n t 

is  derived:

id = 607nD*cm2/ V 6 (56)

Lingane e t a l (64) pointed out that although Ilkovic begins with the 

proposition of sym etrical sp h e rica l diffusion, during his mathematical 

operations he introduced ce rta in  sim plifications which w ere the equivalent 

of neglecting the cu rv a tu re  of the e lec trode  su rfa ce , Kederiving the II-  

kovic equation the following was a rr iv ed  a t:

id « 607nD*cm2/ V 6 (1 + 59D *ty6/ n / 5) (55)
1 yg

w here ( 1 + 59D7 t /m  ) is  the co rrec tio n  fac to r fo r the cu rv a tu re  of 

the m ercury d ro p . This fac to r is  of the o rd e r  of 1,1 fo r re g u la r  ions
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and about 1 .03 fo r m acrom olecules. O ther au tho rs (67) have derived 

iden tical equations differing only in the num erical constan t. The c o r re c ­

tion fac to rs  cannot be d isreg a rd ed  since one is  of the o rd e r  of 10%. The 

actual calculation of a  co rrec tio n  fac to r will be given in Appendix 1 and 

w ill be applied to the final calcu lated  value of the m icellar diffusion 

coeffic ien t.

In the standard po larographic experim ent the solution to be run  is  

placed in a ce ll with a  re fe ren ce  e lectrode and a DME. The solution it­

self must contain an ex cess  of in e rt e lec tro ly te  (d iscussed  la te r)  and any 

d isso lved  oxygen must be removed (d iscussed  la te r )  by bubbling an in e rt 

gas through the so lu tion . A potential is  then applied to the m ercury  drop 

(see figure 9 -  schem atic of a  polarographic assem bly) and the potential 

vs c u rre n t curve is  reco rd ed  (a polarogram ). M easurem ents of the dif­

fusion c u r re n t ,  irf, and the half-w ave po ten tia l, E ^ ,  a re  made by using 

standard  m easuring techniques (63).

in the polarographic determ ination of m icellar diffusion coefficients 

a  L eeds and N orthrup Dropping M ercury Assembly was used in conjunc­

tion with a  Leeds and N orthrup E lectrochem ograph fo r a ll determ ina­

tio n s . The tem peratu re  was kept a t 25 .0  + 0.1 °C  by c ircu la tin g  w ater 

from a  Form a-Tem p J r .  constan t tem peratu re  bath through the ou ter 

jacket of the c e l l .  All potential m easurem ents w ere made against a 

sa tu ra ted  calomel e le c tro d e . Any d issolved  oxygen was purged from 

the system  with p repurified  n itrogen  (d iscussed  la te r ) .

In o rd e r  to determ ine the diffusion c u rre n t of a  m icellar solution, 

an e lec tro reduc ib le  substance must be a sso c ia ted  only with the micelle
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(more detailed  d iscussion  will follow ), if a ce rta in  concen tra tion , c , ofm
th is  reducible sp e c ie s , w here each atom of th is species is  a sso c ia ted  with

one m icelle, is  run  on the po la rog raph , the re su ltin g  c u rre n t will be the

m icellar diffusion c u rre n t, i , . This is  re la ted  to the m icellar diffusiondm
coeffic ien t, D ^ , by the ilkovic equation:

iH = 607nD *c m2/ V 6 (38)dm m m  '

Now if the same concen tra tion , c ^ ,  of the e lec tro reducib le

species is  run  on the p o la rog raph , in the absence of su rfac tan t, the

resu ltin g  c u r re n t,  id , w ill be re la ted  to the diffusion coeffic ien t, D,

of the sp e c ie s , a lso  by the ilkovic equation:

id = 607n D *cmm2/ V 6 (39)

By dividing the m icellar diffusion c u rre n t by the diffusion c u r­

re n t of the reducib le  species a lone, an equation is  obtained re la tin g  the 

two diffusion cu rre n ts :

‘dnA l “ ® n /I > W m > 2/:5lW t>y6 (40)

If one assum es that the m ass flow and the drop time of the DME 

rem ains constan t in both so lu tions, then by m easuring the diffusion c u r­

re n ts  of the reducib le sp ec ie s , with and without su rfac tan t, m icellar dif­

fusion coeffic ien ts a re  ea s ily  calculated:

<id „ /‘/ D -  Dm <41>

In the actual experim ental determ inations of a  3xl0~^M Cd++ so lu -
—2t io n , both with and without sodium dodecyl su lfate (a 4x10 M NaDDSO^ 

solution was used), a mass flow of 1. 695 m g/sec was obtained fo r both
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and a drop time of 4 .3  se c /d ro p  and 3 .8  se c /d ro p  was obtained without 

and with NaDDSO^, re sp e c tiv e ly . When these values a re  placed into 

equation 40 and rea rran g e d  into the form of equation 41 the following 

re su lts :

U a m V 15 x 1 -04 "  Dm <42>

Since the d ifference in drop  tim es y ie lds a  fa c to r  of 1 .0 4 , th is will also  

be included in the calculation  of a co rrec tio n  fac to r in Appendix 1 and 

applied to the final calculation  of the m icellar diffusion coeffic ien ts .

The final co rrec ted  equation as derived  in Appendix A is:

W 1/ 0 * 1-14 = Dm <42a>

In the determ ination of the m icellar diffusion coefficien ts of the

sodium alkyl su lfa te s , the tagging cation used was cadmium (see following

sections). The diffusion coefficient fo r the cadmium ion is  given by
_c 2 ,

Macero and Kuffs (68) and is  equal to 0 .6 9  x 10 cm / s e c .  Substituting 

th is  value into equation 42a with the p ro p er experim ental diffusion c u r­

re n ts  allow s for the ca lcu lation  cf the diffusion coefficient of the tagged 

m icelle,

P o larograph ic  an a ly sis  has been a  standard  analy tical technique fo r 

many y e a rs . The standard iza tion  of th is technique, including instrum enta­

tion , allow s fo r the re la tiv e  ea se  involved in th is type of a n a ly s is . This 

ease  of an a ly sis  and the Ilkovic equation makes the calculation  of diffu­

sion coeffic ients a re la tiv e ly  simple m a tte r. In the application of th is 

technique to the determ ination of m icellar diffusion coeffic ien ts , the 

sim plicity of the po larographic method rem a in s . Equation 42a allow s for 

the calculation of the m icellar diffusion coefficient by applying a simple
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algebra ic  so lution, somewhat le ss  involved that the usual d ifferen tia l 

equations. The time involved in the actual ana ly sis  is  something under 

twenty minutes p er determ ination which is  a considerab le  saving in time 

over the standard  methods fo r determ ining diffusion coefficients (see 

C hapter 1),

It is  thus obvious that the polarographic method fo r determ ining 

diffusion coefficients of m icelles is  much le ss  tedious in both technique 

and calculation  than the usual m ethods. In the following, the actual tag­

ging and degassing  techniques that w ere developed and various assump­

tions that w ere  made will be d iscu ssed .
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Bj Experim ental Modifications 

1J Deoxygenation

In the polarographic analysis of most ions i t  is  im perative that 

th e re  be complete removal of any oxygen within the solution since d is­

solved oxygen, being easily  reduced a t the DME, and having polarograph­

ic waves a t -0 .0 5  and - 0 .9  volts vs SC E , might in te rfe re  with the 

d es ired  w aves.

Removal of d issolved oxygen from aqueous solutions of inorganic 

sa lts  is a p rocedure  which is  well docum ented, th e  n o s t widely used 

method is  to bubble an oxygen free  in e r t gas (He, H ^» Mg* th o u g h  the 

solution fo r a length of time to d isp lace the d isso lved oxygen (63 ,64 ,69).

A second method is  to add a substance which will chem ically re a c t with 

the oxygen. As orig inally  suggested by Hohn (70), the addition of sulf ite  

ion to a neu tra l o r alkaline solution will rap id ly  reduce the dissolved 

oxygen; hence removing i t .  The ca ta ly tic  rem oval of oxygen with an en­

zyme was used by Benesch (71) with su c c e s s .

When su rface active m a te r ia ls , in any significant co n cen tra tio n s , 

a re  involved in a polarographic a n a ly s is , rem oval of oxygen by the usual 

degassing  techniques re s u lts  in extensive foaming. F u rth e rm o re , the ad­

dition of any foreign m aterial may re s u lt  in changes in the s tru c tu re  of 

the micelle and so re n d e r in te rp re ta tio n  of the re s u lts  d ifficu lt and 

inconclusive.

in prev ious w orks, the rem oval of d isso lved oxygen from solutions 

containing su rface  active m ateria ls  was accom plished by evacuating the 

cold solution until a ll d issolved oxygen is  removed as was done by S aroff
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et al (72), o r  by being extrem ely carefu l and s ta rtin g  witli oxygen free  

solutions from the beginning (72) o r  by f ir s t  flushing the su rface  of the 

solution with an in e rt gas (Hg (73) o r  N2 (74)) and then breaking the 

su rface  by e ith e r rock ing  (73) by means of an e laborate  device o r  by 

shaking (74) in a f la sk .

in our in itia l work (74) the a i r  in the flask  containing the tagged 

su rfac tan t solution was d isp laced  with p repurified  n itrogen . The flask  

was then stoppered  and the solution was shaken fo r about th irty  seconds. 

The solu tion , now with a g rea t deal of foam, was left standing fo r sev era l 

minutes so that some of th is foam could b reak . N itrogen was re in tro ­

duced into the flask  and the above p rocedure was repeated  fo r five to 

ten times to remove a ll the oxygen p r io r  to polarographic an a ly sis .

The rocking and shaking p ro ced u res , although adequate, involved 

e ith e r  a m echanical device o r  w ere ra th e r  time consum ing.

A new simple method fo r sp eed ie r degassing  of a solution contain­

ing su rface active m ateria ls  was developed by designing a device which 

sim ultaneously d eg asses  the su rfac tan t solution and b reaks any foam that 

is  genera ted . The degassing  disc was fab rica ted  out of Lucite p lastic  

(figure 10) and designed to fit the h ee d s  and N orthrup Dropping M ercury 

E lectrode Assembly (figure 11).

The basic p rincip le  behind the operation  of the disc is  th a t, a s  the 

foam is  generated  by bubbling the through the so lu tion , a downward 

flow of N2 b reaks the foam. The flow of fo r deoxygenation of the 

sample is  con tro lled  by valve A (figure 11) while valve ti (figure 11) 

con tro ls  the flow of gas fo r breakage of the foam. The ra te  of flow of
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gas in each line is  dependent on the volume of the liquid to be deoxygen­

a ted , the ra te  of production of foam, and the height of the d isc above the 

level of solution.

Excellent re su lts  w ere obtained using th is device as is seen in
—4 —2figure 1 2, in which the polarogram s of a 4 x 10 M Cd ion in a 4 x 10 M

NaDDSO^ solution p r io r  to and a f te r  degassing  with p repu rified  Ng» 

sa tu ra ted  with w ater v a p o r , fo r 10-15 m inutes, a re  superim posed on one 

an o th er, in th is work the flow ra te  of the u sed  to break the foam was 

g re a te r  than that used to deoxygenate the sam ple. A fter deoxygenation is  

com pleted, valve A is  closed  and the flow of through valve B is  dimin­

ished so that th e re  is  a  gentle flow of gas o ver the so lu tio n 's  su rfa ce .

The complete rem oval of oxygen is  indicated by the absence of a peak in 

the region of - 0 .4  to - 0 .5  volts v s .  S C E .

2) Tagging of M icelles by Solubilization

In o rd e r  to determ ine m icellar diffusion coeffic ien ts , one must 

be able to po larograph ically  reduce some entity  that is  specifically  a sso ­

ciated with the m icelle. T here  sire two methods by which th is can be ac­

com plished; Solubilization of some w ater insoluble m aterial in the m icelle 

o r  adsorp tion  of some sp ec ies  onto the su rface  of the m icelle.

Solubilization of a w ater insoluble m aterial into the m icelle is  well 

reco rd ed  (9). Dean e t a l (59) and Hoyer e t a l (30) used w ater insoluble 

dyes that w ere solubilized by the micelle to determ ine m icellar p ro p er­

t ie s .  The so lubilization  of a w ater insoluble metal soap was used in the 

in itia l stage of the work a s  a method to tag  the micelle so that a  m icellar
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diffusion c u rre n t can be m easured .

Since most ionic m icelles have a la rg e  surface charge (29*51,75), 

i t  should be possib le to specifically  adso rb  some multivalent ion onto the 

su rface  of the micelle and have i t  tra v e l a s  p a r t of the m ice lle , thus giv­

ing a  m icellar diffusion c u rre n t when th is ion is  reduced a t the DME. 

These two m ethods, solubilization and su rface adsorp tion  will be d is­

cussed  sep ara te ly  in what fo llow s.

a) Determ ination cf a tagging cation:

When using the polarographic method fo r the determ ination of mi­

c e lla r  diffusion coeffic ien ts , the wave that is  reco rded  fo r the tagging 

agent must be chosen so that i t  does not lie  in a region w here th e re  a re  

any in te rfe rin g  w aves.

A polarogram  of a deoxygenated su rfac tan t solution (figure 13) is  

obtained. The potentials w here the c u rre n t values a re  re la tiv e ly  con­

stan t a re  considered  fo r the tagging agen t. Multivalent ca tions which 

a re  reduced a t these poten tia ls a re  then co n sid ered . When one is  chosen 

a  te s t run  is  tr ied  (figure 14).

In the case  of the sodium alkyl sulfate d e te rg e n ts , the polarogram s 

shown a re  tha t of a 0 .1 65M NaDSO^ solution without (figure 13) and with 

(figure 14) a tagging agen t. With the sodium alkyl su lfa te s , the po laro­

gram s a re  iden tical a s  the carbon chain length is  changed. In th is case  

the tagging cation is  cadmium since its  reduction  half-w ave potential is  

in an a re a  (-0 .6 0  volts vs SCE) w here the NaDSO^ solution shows no 

significant w aves. Thus the only wave reco rd ed  in th is  a re a  is  that of

34



the tagging agent that is a sso c ia ted  with the m icelle (figure 15).

b) Solubilization of divalent metal so ap s .

P rep a ra tio n  of M etallic so ap s: The genera l p rocedure  fo r the p re ­

para tion  of cadmium sa lts  of fatty ac ids is  a s  follows: A weighted amount 

of the highest purity  obtainable fatty acid is  reac ted  with an equivalent 

amount of 0.5M MaOH solu tion . A 1 M solution of C dtN O ^^ is  added to 

the solution to p rec ip ita te  the w ater insoluble cadmium soap . The p re ­

c ip ita te  is  f ilte red  and washed a number of tim es to remove a ll ionic r e s i ­

d u es , and is  then d ried  a t 80°C .

A weighted amount of the solid is  placed in a flask  with 100 milli­

l i te r s  of d istilled  w ater and shaken for se v e ra l d ay s . The solid is  then 

removed by filte rin g  the solution through a high density  f il te r  paper (S &

S -  No. 507) and the rem aining solution is  run  on the p o la rog raph . F ig ­

ure 14 shows the diffusion c u rre n ts  fo r the cadmium sa lts  of various 

fatty ac ids with the chain length vary ing  from twelve to eighteen ca rb o n s . 

As would be expected , the so lubility  d ec reased  a s  the chain length is  in­

c re a se d , The diffusion c u rre n t due to the d isso lved  cadmium soap is  low 

enough to allow th e ir  use as tagging agents since these c u rre n ts  a re  

within the experim ental e r r o r  of the p ro ced u re .

In o rd e r  to give c o r re c t  values of the m icellar diffusion coeffic ien t, 

no more than one tagging sp ec ies  can be tran sp o rted  by a  m icelle. No 

d ifficu lties a r is e  if the average  number of solubilized labels is  le s s  than 

unity . T hus, a  m olar quantity of the solid cadmium fatty acid  sa lt (in 

most c a se s  cadmium la u ra te  was used) equal to a  hypothetical m olar
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concentration of m icelles was used . The amount of cadmium sa lt needed 

was calculated  by assum ing that the su rfac tan t solution consisted  e n tire ­

ly of m icelles, each composed of one hundred monomers.

The tagged su rfactan t solutions (sodium decyl sulfate -  NaDSO^, 

sodium dodecyl sulfate -  NaDDSO^, and sodium te tradecy l su lfate -  

NaTDSO^, w ere used and w ere purchased from Mann R esearch  L ab s, 

New ¥ork ; purity  cited  as g re a te r  than 99%) w ere p repared  by adding 

an excess of solid cadmium lau ra te  (UdL) to solutions of the d esired  su r­

factant concentration  and placed on a b u r re l  "W rist Action" S haker for 

sev e ra l days (the usual shaking time was th ree  days). The unsolubilized 

cadmium lau ra te  (usually more than half of that used) was removed by 

filte rin g  the solution tw ice through a dense f il te r  paper (S & S -  No.

507) and then centrifuging the solution at 1500 rpm for th irty  m inutes. 

The solution is  then run on the po larograph .

A solubilization time study was perform ed in o rd e r  to es tab lish  

two points: f ir s t ly , to es tab lish  a  minimum shaking time and secondly, 

to determ ine whether o r  not th e re  is  one o r  more tagging m olecules p e r 

m ice lle .

it would be expected that if more than one tagging molecule is  

solubilized p er micelle the diffusion c u rre n t m easured v e rsu s  time of 

shaking would continually in c rease  until e ith e r  the cadmium lau ra te  sup­

ply is  exhausted o r some sa tu ra tio n  level is  re ac h ed . If each m icelle 

picks up only one molecule of tagging agent then the diffusion c u rre n t 

v e rsu s  shaking time curve should level off ra th e r  quickly . Values of 

the diffusion coefficient calcu lated  from the leveling off c u rre n t should
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be close to the value expected for the d e te rg en t.

F igure  16 shows the diffusion c u rre n t obtained fo r a tagged 4 x
-210 M WaDDSO^ solution a t various shaking tim es. The curve levels

off a f te r  about one day and the calculated  value of the diffusion coeffi-
2cien t of the micelle is  0 .9 7  x 10”  cm / s e c .  As is  shown la te r ,  th is  is  

close to published v a lu es.

T hus, in the shaking time u sed , i t  is  concluded tha t an average of 

one o r le s s  tagging m olecules p e r m icelle is  p re se n t.

c) D eterm ination of divalent cation concentration:

Wet Ashing: In the destruc tion  of organic m a teria l, in o rd e r to de­

term ine amounts of trace  m etallic elem ents, a la rge  number of ashing pro­

ced u res  have been d esc rib ed . The method used in th is work was a wet 

oxidation or wet ashing p rocedure which is  described  by Smith (76). A 

slight modification of th is method was used .

A ten m illilite r  aliquot of detergen t solution is  slowly evaporated . 

Any foaming during  the evaporation was elim inated by using one drop of a 

10% aqueous solution of Dow C antifoaming agen t. When most of the w ater 

was driven  off, ten m illilite rs  of concentrated  n itr ic  acid a re  added.

This is  heated gently until it  is  alm ost d ry . Another ten m illilite rs  of 

concentrated  n itr ic  acid a re  added with ten m illilite rs  of 72% p erch lo ric  

ac id . The m ixture is  heated until i t  is  boiling gently . The heating is  

continued until it is  alm ost d ry .

The mixture is  cooled and rinsed  out with se v e ra l portions of d is­

tilled  w a te r. The rin s in g s  a re  poured into a  ten m illilite r volum etric
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flask  and it is  then brought up to volume.

A special long necked oxidation flask  was b u ilt. It was sim ilar 

to that described  by Hamlin (77) except that the elongated neck was cov­

ered  with a sb esto s  to minimize heat lo sse s  (figure 17).

Since the volumes of the unoxidized and oxidized solutions a re  the 

sam e, the concentration  of cadmium in each will be id en tica l. When a 

known amount of cadmium (0.1 mg/ml) is  added to a  4 x 10 M NaDDSO^ 

solution and an aliquot of th is solution is  taken and wet a sh ed , the e r r o r  

of the wet ashing method was determ ined. The percen t e r r o r  ranged from 

a  low of C .2% to a high of almost 25% with a  la rg e  m ajority falling  between 

5-10%.

Flame spectrophotom etry: T race  concentrations of m etals can be 

determ ined by the amount of light that they abso rb  in a  beam of light whose 

wavelength co rresponds to one that the metal em its. Atomic absorption  is  

one method that is  applicable to the determ ination of tra c e  amounts of cad­

mium in su fractan t so lu tions.

Using a  J a rre ll-A sh  Atomic A bsorption Spectrophotom eter ( J a r re l l— 

Ash C o ., Waltham, M ass.) with a  cadmium hollow cathode lamp, an a t­

tempt was made to determ ine the cadmium concentration  in the tagged 

su rfac tan t so lu tions. A g rea t deal of trouble was encountered with obtain­

ing a  uniform ra te  of feed of solution into the flam e. Also due to the 

re la tiv e ly  high sa lt co n cen tra tio n s , the flame nozzle would frequently  

c log . An attem pt to use a  syringe drive a lso  failed since the motor used 

was not a constant speed motor and the feed r a te s  w ere not to ta lly  

rep ro d u cib le .
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d) R esults:

The re su lts  obtained from the solubilization tagging method a re  

seen in Table 1. The calculated diffusion coefficien ts fo r the m icelles 

of NaDSO^, NaDDSO^, and NaTDSO^ a re  tabulated in Table 2 . The 

value of D for NaDDSO^ ag ree s  within experim ental e r r o r  with that 

value published by Mysels (25).

The m icellar diffusion coefficient d e c re a se s  with in c reasin g  chain 

length . This would be expected since the chain length in c re ase  would 

cause the micelle to in c rease  which would cause the rad iu s  to in c re a se , 

causing D to d e c re a se .

e) S a lt effects on metal soaps:

When the metal sa lts  of the fatty ac ids a re  used as tagging agents 

one must be aw are of the effects of the o ther ions on these m a te ria ls .

If there  is  any significant ion exchange with the metal soaps (cadmium 

lau ra te  in th is ca se ), doubts may be ca s t on the solubilization method.

F o u r d ifferen t cadmium soaps w ere p rep ared  fo r this purpose: 

cadmium lau ra te  (CdL), m yrista te  (CdM), s te a ra te  (C dSt), and palm i- 

ta te (CdP). The method of p repara tion  is  a s  previously  d esc rib ed . All 

sa lts  used in the experim ent w ere of B aker Analyzed Reagent (Jrade.

Since sodium alkyl su lfate de tergen ts  w ere used , the effect of 

the sodium ion on the four cadmium soaps w ere examined. The solid  cad­

mium soaps w ere shaken fo r two o r th ree  days with varying amounts of 

NaNO^ (figure 18). Also CdL was shaken with varying amounts of NaJNO^ 

fo r both two and th ree  days (figure 19). The rem oval of the unreacted
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cadmium soaps is identical with that described  p rev iously .

From the re su lts  it is c le a r  that the sodium ion does exchange with 

the cadmium in the cadmium soap . T here  seem s to be a sharp  jump in iti­

ally in the cadmium concen tration , a s  m easured by its  diffusion c u r re n t, 

over that due to the solubility of the cadmium soap in d istilled  w a te r. It 

is  a lso  c le a r  (from figure 19) that the time of shaking affec ts the amount 

of cadmium exchanged.

When the anion is changed from n itra te  to sulfate the general trend  

seems to be the same (figure 20). There is  in itia lly  a sh a rp  in c rease  in 

the cadmium concen tra tion . T here seems to be no effect due to the chang­

ing of the anion since the sulfate curve is  alm ost identical to the n itra te  

curve for the cadmium la u ra te .

When the cation is  changed to potassium , there  is a  marked change 

in the amount of cadmium exchanged. The diffusion c u rre n t r i s e s  to a 

much higher value p rio r  to its  leveling off a t higher sa lt concentrations 

(figure 21). When ammonium ions a re  used , the re s u lts  a re  s im ila r to 

that of the sodium; th e re  is  a  sharp  in c rease  in cadmium concentration 

with it leveling  off a t higher sa lt co n cen tra tio n s.

When the pH is  changed th e re  is  a sh arp  in c rease  in the amount of 

cadmium p resen t in solution (figure 22). When the p H 's  before and a f te r  

shaking a re  com pared, th e re  is  a  noticeable in c rease  in the la te r  values. 

This ind icates that hydrogen ions a re  going into the form ation of thp 

free  ac id , thus lib e ra tin g  cadmium io n s. When CdL is  shaken with NaOH 

solutions there  is  no d iscern ab le  plateau o bserved .
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f) O verall conclusions:

From  the re su lts  of the sa lt effect study, an in c re a se  in the amount 

of cadmium in solution is  o b se rv ed . This seems to indicate that p a r t of 

the diffusion c u rre n t observed is  due to cadmium that has been exchanged 

for sodium ions from the so lu tion .

The fre e  sodium ion concentration  fo r the NaDDSO. concentration4
used is  about 0 .02  M (31). At th is concentration of sodium ion , the re  

is  approxim ately a 50% in c re a se  in the amount of cadmium in solution over 

that amount which is  p resen t when CdL is  shaken with w a te r.

S ince the p resence  of sodium ions affec ts the amount of cadmium 

that will be p resen t in the so lu tion , one must c a s t some doubt on the c red i­

bility  of the so lubilization method fo r the po larographic determ ination of 

m icellar diffusion coeffic ien ts . The mi c e lla r  diffusion c u rre n t will be a 

combination of that amount of c u rre n t due to the CdL that is  solubilized 

and that amount of cu rren t due to the cadmium exchanged by the sodium. 

This will a lso  show up a s  a la rg e r  cu rre n t fo r the ionic cadmium. Thus 

e r r o r s  a re  introduced in both c u rre n ts  and thus some doubt must be 

placed on the feasib ility  of the solubilization p rocedure  as a  method for 

the determ ination of m icellar diffusion coeffic ien t.

3) Tagging of M icelles with a  D ivalent Cation

It is  well known from e lec tro p h o res is  (29»78) and tran sp o rt 

num bers (31) that m icelles c a r ry  a la rg e  su rface  ch a rg e . The charge is  

not as  la rg e  as the aggregate  number since counterions ad so rb  o r  a sso c i­

a te on the micelle (31»75,79 ,80). The degree  of ionization of the m icelle
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is  approxim ately 25-307’ (29*31) with an effective charge of 15 e le c tro n s /-  

micelle (22 ,24). When a polyvalent cation is  added to an anionic m icellar 

so lution, the cation w ill, because of the la rg e  e lec tro s ta tic  a ttrac tio n  be­

tween the two io n s , be found p rim arily  on the su rface of the m icelle. Two 

p o ssib ilitie s  must be considered : f i r s t ,  the cation is  e lec tro s ta tica lly  ad­

sorbed on the su rface  of the m icelle which is  not significantly  a lte re d ; 

second, an in situ sa lt is  formed which may or may not produce a 

s tru c tu ra l change in the m icelle .

S ince the cation is  strongly  associa ted  with the su rface of the mi­

c e lle , it will ac t a s  though i t  is  p a r t of the m icelle. Thus, the addition 

of a  small but known amount of divalent cation allow s for the p o la ro - 

graphic determ ination of the m icellar diffusion coeffic ien t. A method 

somewhat s im ila r to th is  was used to determ ine the diffusion coefficients 

of high m olecular weight substances (81).

P ro ced u re : WaDSO^, N aD D Su^, and NaTDSO^ w ere the same 

a s  previously  u sed . A stock cadmium solution was p repared  by d isso lv­

ing B aker Analyzed Cadmium Kod in  HC1, evaporating  to alm ost d ryness 

and diluting to 500 m illili te rs . All reag en ts  w ere of ACS grade and d is­

tilled  w ater was used in a ll c a s e s .

The d es ired  su rfac tan t concen trations w ere p repared  by dilution 

of prev iously  p rep ared  stock so lu tions. P r io r  to final d ilu tion , the r e ­

quired  amount of cadmium stock solution w as added to give the desired  

cadmium concentration* This cadmium concentration was e ith e r equal 

to c r  le s s  than the micelle concentration  using the same assum ptions a s  

prev iously  d esc rib ed . S ince volum etric equipment was used in a ll c a se s
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the cadmium ion concentration was within 0.1% of the d es ired  concen­

tra tion  .

The solution is then deoxygenated and run on the po larograph . 

S tandard cadmium solutions with supporting e lectro ly te  w ere also  run  

polygraphically  to obtain a standard  diffusion c u rre n t.

R esu lts: Cadmium ions were used a s  the tagging cation because 

the well defined cadmium polarographic wave is unaffected by any wave 

due to the sodium alkyl su lfa te s .

F igure  23 d isp lays the re s u lts  of a s e r ie s  of runs with th ree  an­

ionic su rfac tan ts  prev iously  mentioned, where the diffusion c u r re n t,  i^ , 

due to the cadmium v e rsu s  the cadmium concen tra tion . Except fo r sligh t 

deviations for the Na'i'DSO^ so lu tio n s, all points fall on a s tra ig h t line 

passing  through the o rig in . Table 3 tabulates the slopes of the lines 

and the corresponding  diffusion coeffic ien ts .

F igure 24 and figure 25 show the re s u lts  of the varia tion  of NaDSO^ 

and NaDDSO^ co n cen tra tio n s, re sp e c tiv e ly . In each c a se , a sharp  

b reak  in the curve is  indicated very  close to the c r itic a l micelle 

concen tra tion .

The llkovic equation r e la te s  the diffusion cu rren t to the concen­

tra tio n  and to the diffusion coefficient:

id = 607nD*cm2/ V 6 (36)

If the diffusion cu rren t is  plotted aga in st concen tra tion , a 

s tra ig h t line is  expected . The i^ vs c cu rv es  in figure 23 shows these 

expected r e s u l ts .  From the llkovic equation the slope is :

id/ c  -  M * 607nD*m2/ V 6 (43)
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From the ra tio  of the slope fo r the d e te rg en t, Mr , to that fo r ionic 

cadmium, M, the following re la tionsh ip  re su lts :

M '/m = (D '/D )^  (44)

w here D ' is the m icellar diffusion coefficient and D is  the one fo r the 

cadmium ions a s  given previously  (68).
— 2In figu res 24 and 25* a f te r  the cmc ( 3 .1 x 1 0  M for NaDSU^

(62) and 8 .2  x 10~^M fo r NaDDSO^ (82)) the m icellar diffusion coeffi­

c ien ts  tend to level off. The m icellar diffusion coefficient which is  c a l-
—6 2culated from th is data give a value of 1.62 x 10 cm /s e c  fo r the NaDSO^

a t 0.08M and 0 .95  x 10“^ cm2/s e c  fo r WaDDSO^ at 0.04M . These values

a re  in good agreem ent with those in Table 3.

In o rd e r  to substan tia te  the in itia l p rem ise , that the cadmium ion 

is  associa ted  with the micelle su rfa c e , a study of the in te rac tion  of the 

ion with an alkyl sulfate su rface was undertaken . This was achieved 

by doing monolayer and electrom otive fo rce  s tu d ie s . The monolayer sug­

g ests  some so r t  of in te rac tion  while the EMF work shows a  d ra s tic  r e ­

duction in cadmium ion ac tiv ity  above the cm c. This is  rep o rted  in the 

next ch ap te r.

C) Supporting E lec tro ly te

In po larographic ana ly sis  i t  is  n ec essa ry  to elim inate a ll c u rre n ts  

except those due to the diffusion of the reducib le  species to the e lec tro d e . 

The m igration c u r re n t, which is  due to the coulombic a ttrac tio n  o r  rep u l­

sion of the reducib le  species to o r  from the DME, re sp ec tiv e ly , is  

elim inated by adding an excess of an in e rt sa lt to ca rry  the m ajor portion
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of th is c u r re n t. A ccording to Kolthoff (64) the concentration of the sup­

porting e lec tro ly te  need be only 25 tim es la rg e r  than the concentration 

of the reducible ion in o rd e r  to elim inate the m igration cu rren t 

com pletely.

S ince the micelle co n s is ts  of a number of monomer units and ap­

p e a rs  only above a ce rta in  concentration (cmc), its  concentration is  sig ­

nificantly le ss  than the in itia l su rfactan t concen tration . Since equilibrium  

ex is ts  between the micelle and monomers, the non-aggregated species will 

be at a concentration  that is  close to the cmc (31) (Law of Mass Action).

Thus the concentration  of the micelle will be somewhat le s s  than the
«_2monomer concen tra tion . At a  NaDDSO^ concentration of 4 x 10 M the

_7
monomer concentration  (assum ing the cmc is 8 .2  x 10 M) is  approxim ate­

ly 20 times the m icelle concen tra tion . Since the micelle is  about 25^ 

ionized (22,24), then the sodium ion concentration  is  about 45 times 

g re a te r  than the m icelle concen tra tion . Also since the micelle is  much 

la rg e r  than the monomer and the sodium io n s , i ts  r a te  of m igration will 

be much slow er when com pared to the m igration of the io n s . T hus, it 

is  felt that the excess monomer and sodium ion concentration  will be suf­

fic ien t to ac t a s  supporting e lec tro ly te .

To te s t th is , vary ing  amounts of in e rt e lec tro ly te  w ere added to
_p

a  tagged 4 x 1 0  M NaDDSO^ solu tion . S ince the alkyl sulfate m icelle 

has a la rg e  negative charge (22,24) asso c ia ted  with i t ,  i t  would m igrate 

away from the negatively po larized  DME. T h u s, addition of supporting 

e lec tro ly te  will cause the diffusion c u rre n t to in c re a se .

F igure  26 d isp lays the effect of in e r t e lec tro ly te  on the c u rren t

45



_2
due to the tagged 4 x 1 0  M NaDDSO^ solution, The e lec tro ly te  was in­

c reased  until it is  approxim ately 25 tim es the micelle concen tration . As 

is  seen , the c u rre n t does in c rease  but only sligh tly . In the ca se  of the 

sodium ion it in c rease s  only 2%, With the NH^WC^, the c u rre n t in c rease  

is  about 4 ^  while with the KNO^ shows in c rease  of about

The sh a rp e r  r is e  in cu rren t with the potassium  ion can be explained 

by using the information obtained in the sa lt effect experim ent. It was the 

potassium  ion that had the la rg e s t effect and it is  believed to be m anifest­

ing itse lf in th is c a s e .

T hus, since th e re  is  no la rg e  in c rease  in cu rren t when additional 

in e rt supporting e lec tro ly te  is  added, the assum ption that no additional 

supporting e lec tro ly te  is n ecessa ry  is  v a lid .
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TABLE 1

HALF WAVE POTENTIALS AND DIFFUSION CURRENTS 
FOR CADMIUM LAURATE TAGGED 

SURFACTANT SOLUTIONS

Solutions S urfac tan t Half Wave Diffusion
C oncen tra- Potential C urren t
tion (m olar) (vs S C E ,-v o lts )  (microamps)

Sodium decyl sulfate

HNCL-HCICL oxidized 3 4

0 .165 0.532+0.003 1.38+0.03

— 0.58740.002 3.40+0.11

Sodium dodecyl su lfate (A) 4x10

HNO^-HCIO^ oxidized (A)

Sodium dodecyl sulfate (B) 4x10

HNu^-HClO^ oxidized (B)

- 2

-2

0.630+0.02

0.608+0.001

0.646+0.008

0.628+0.004

0.75+0.05 

2.10+0.05 

0 . 68+0.02  

1 .98+0.18

Sodium te tradecy l sulfate (A) 1x10- 2

HNO^-HCIU^ oxidized (A) —

Sodium te tradecy l sulfate (B) 1x1 0

HNO^-HCIU^ oxidized (B) —

- 2

0.656+0.004

0.574+0.002

0.659+0.004

0.581+0.010

0.47+0.01 

1.40+0.02 

0.37+0.01 

1 .14-K5.03
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TABLE 2

MiCEI.LAK DIFFUSION COEFFICIENTS AT 25°C USING 
  SOLUBI.LIZATIUN AS TAGGING PROCEDURE

Solutions

1 x10~^M Sodium te tradecy l su lfate 
_2

4x10 M Sodium dodecyl sulfate 

0 ,1 65M Sodium decyl sulfate

Diffusion Coefficient 
(cm v s  ec)

This work L ite ra tu re

0.87+0.04x10""^ —

0.98+0.18x10“ 6 0 .83x10~6 (25)

1.30+0.16x10~6 —
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TABLE 3

MICELLAR DIFFUSION COEFFICIENTS AT 25°C USING 
DIVALENT CATION TAGGING PROCEDURE

Solution

Cd++ in H20  alone 

Cd-̂  in 0.165M NaDSG4 

4 .0  x 10"2M NaDDSC4

1 x 10“ 2M N aTD S04

(a) B est s tra ig h t line through orig in

(b) B est s tra ig h t line

Slope D i T r  Dt tt
(A / mole) C* LO LIT

(cm /s e c )  (cm /s e c )

6280 6 .9  x IO -6  (68)

2890 1 .66  x 10"6 1 .14  x 10” 6 (74)

2083 0 .8 7  x 10"6 0 .8 3  x 10-6  (25)

.86 x 10*6 (74)

1890 (a) 0.71 x 10"f (a) .76 x 10"6 (74)
1955 (b) 0 .46  x 10 (b)
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CHAPTLB III:

F roo f that D ivalent Cation is  Un O r Wear the Micelle Surface

In o rd e r  to investigate the in te rac tion  of divalent cations with the 

m icelle two d ifferen t stud ies w ere undertaken: the f i r s t  study involved 

using a m onolayer model of the micelle su rface  in which changes in su r­

face p re s su re  and su rface  potential w ere followed a s  the concentration 

of divalent cation was changed. The second study involved following 

changes in divalent ion activ ity  a s  the concentration  of su rfac tan t was 

changed.

A) Monolayer Study:

Although the study of the effect of monovalent cations on insoluble 

m onolayers is  well documented (8 3 ,8 4 ,8 5 ,8 6 ), little  has been done on the 

effect of d ivalent cations (87 ,8 8 ,8 9 ). The effec ts of calcium and magnesi­

um ions on a fatty acid soap is  well illu s tra ted  by the p recip ita tion  of di­

valent acid soaps in hard  w a te r. L inear alkyl sulfate and su lfonates, 

being soluble in excessive  hard  w ate r, do not show such a d ra s tic  ef­

fect with divalent m etals.

in o rd e r  to study a  macromcdel of a m icelle, a monolayer of a 

lin ea r alkyl su lfate is  sp read  on a su b stra te  containing 8 .5  x 10 M 

NaCJl solution in which the divalent metal concentration is  v a rie d . The 

JNaCl is  added to the su b s tra te  in o rd e r  to p rese n t the monolayer with an 

environm ent that is  a s  c lose  to the actual environm ent seen  by the mi­

c e lle . By following changes in the su rface p re s su re  v e rsu s  a re a  and 

su rface  potential v e rsu s  a re a  iso therm s, conclusions on the in te rac tions
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of the d ivalent ion with the monolayer can be draw n.

The solution of sodium eicosy l sulfate (.NaC^QSO^) (D r, Theodor 

S chuchard t GmbH and Co. ( Munich, Germany -  purity  98-100^) was p re ­

pared  by placing 9 .37  milligrams in a 25 m illilite r volum etric flask  with 

six d rops of d istilled  w ater and 17 m illilite rs  of sp ec tro -g rad e  n-H exane, 

and bringing it up to volume with reagen t grade 2 -p ropanol. The solution 

rem ained c le a r  and stab le throughout the experim ent.

The su b stra te  was p rep ared  by dissolv ing 99,9% NaCl in w ater 

d istilled  from a S to k es ' s t i l l .  The 8 .5  x 10 M NaCl solution was foamed 

in a 600 m illilite r  medium porosity  s in te red  g lass funnel; the foam was 

removed sev era l times by sw eeping the su rfa ce . The su b stra te  gave 

adequately stab le  base line read in g s for both su rface  p re s s u re  and su r­

face potential read in g s . A stock cadmium ion solution was p repared  by 

d isso lv ing  99,6% CdCl^ (B aker Analyzed K eagent, P h illip sb u rg , N .J .)  

in d istilled  w a te r. To p rep a re  the n ecessa ry  cadmium ion so lu tions, the 

stock solution was diluted with the sodium chloride solution. The acid 

and basic su b s tra te s  w ere p rep ared  by dissolv ing  96% NaUH (Baker 

Analyzed K eagent, P h illip sb u rg , N .J .)  in d is tilled  w ate r, Both solu­

tions w ere foamed a s  previously  d esc rib ed .

A diagram  of the experim ental appara tu s (84) for m easuring su r­

face p re s su re  and su rface potential is  shown in figure  27. in the s e r ie s  

of ru n s (figures 28 and 29) the cadmium concentration was varied  by add­

ing the n ec essa ry  amounts of concentrated  stock solution to the su b s tra te . 

S ev era l minutes were allowed fo r the complete mixing of stock solution 

with the su b s tra te s . The tem perature was maintained a t 25 + 1°C with
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w ater c ircu la ted  through a  g lass  cooling coil immersed in the trough .

All experim ents w ere conducted inside a  F araday  box.

The long chain sodium sulfate (N at^^S C ^) solution was deposited 

onto the su b stra te  su rface  by means of an Alga M icrom eter Syringe (Bur­

roughs Wellcome and Company, Tuckahoe, IN. If.) . The su b s tra te  and 

film w ere re ta in ed  in a fused s ilica  trough (31.2  cm x 14 .0  cm x 2 .5  cm). 

A substra ted  volume of 1100+50 m illilite rs  was maintained in the trough. 

A Teflon movable b a r r ie r  was used fo r the com pression of the film .

T he su b stra te  su rface was cleaned by dusting calcinated  talcum 

powder onto i t  and cleaning i t  with the aid  of a hollow g lass tip connected 

to an a s p ira to r  a s  the su rface  was com pressed .

S urface  p re s s u re s  w ere determ ined from su rface  tension m easure­

m ents, which w ere made by suspending a  sandblasted platinum blade (2 .5  

cm x 1 .0  cm) from a tran sd u cer-am p lifie r (Model 311 A -  Sanford Com­

pany, Waltham, M ass.). The tran sd u c er output was reco rd ed  continuous­

ly on a r e c o rd e r .

S urface potentials w ere m easured with an a ir  ionizing e lectrode 

(a radium 226 source  -  U .S . Kadium C o r p . , M orristow n, 1N.J.) placed 

1-2 m illim eters above the liquid su b s tra te  su rface  and connected to a 

high re s is ta n c e  e lec tro m ete r (Model 610 B -  Keithley Instrum ent In c .,  

C leveland, Ohio), a  p rec is io n  potentiom eter and a sa tu ra ted  calomel 

re fe ren ce  e lec trode  dipped into the bulk of the su b s tra te . The rad io ­

active e lec tro d e  was connected to the input term inal of the e lectrom eter 

with an Amphenol low noise graphitized shielded cable and co n n ec to rs . 

The potential m easurem ents w ere reco rded  continuously.
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K esults:

F ig u re s  28 and 29 show the su rface  p re s su re  e f t )  and su rface 

potential ( A v ) v e rsu s  a re a  iso therm s fo r the N aC ^S O ^  m onolayer with 

varying cadmium ion concentration  in a su b stra te  of 8 .5  x 10 M NaCl.

A phase change in the monolayer is  indicated in a ll cu rves a t an a rea  

of 55 A /m o lecu le . The m onolayers formed in the absence of cadmium 

ion and those formed o ver the extrem ely dilute cadmium ion solution co l- 

lapse a t an a re a  of about 18A /m olecule and a p re s su re  of approxim ately 

50 dynes/cm . With higher cadmium concentrations the monolayer consis­

tently  co llapses a t significantly  low er film p re s s u re s .  The surface p re s ­

su re  and su rface  potential v e rsu s  a re a  iso therm s a re  in agreem ent with 

the sodium alkyl sulfate system s used by Stenhagen (90), F eth ica  and 

Few (91) and Thomas and Schulman (92). The su rface  p re s su re  iso­

therm  ag re e s  with the one obtained by Coddard e t a l (85) for a sodium 

alkyl su lfate system  although his su rface  potential does not en te r  the 

positive region a t a l l .

In changing the su b stra te  to an 8 .5  x 10 M NaUH solution (fig­

ure 30), the su rface p re ssu re  and su rface  potential v e rsu s  a re a  iso ­

therm s for the N a C ^ S u ^  monolayer shows no significant changes over 

those obtained on the 8 .5  x 10 M NaCl su b s tra te . The only minor dif­

ference is  in the su rface potential iso therm  in that the one obtained on 

the NaOH su b stra te  is  shifted to a slightly  more positive potential a t 

h igher a r e a s .  When the su b stra te  was changed to an 8 .5  x 10 M HC1 

solution (figure 30) th e re  w as a  marked change in the iso th erm s. The 

su rface p re s su re  v e rsu s  a re a  curve ind icates a highly expanded film
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p
which co llapses a t 36 A /m olecule and 21 dynes/cm . The su rface  p re s -

p
su re  v ersu s  a re a  curve shows a minimum between 30-40 A /m olecule

2
and in c re a se s  sharply  a t an a re a  of le s s  than 20 A /m olecule (not shown 

on figure 30). The potential does not r is e  above -75mV.

The pH of the su b stra te  solutions which w ere used in the study of 

the in te raction  of cadmium ion with the N aC ^S O ^  monolayer varied  from 

5 .5  to 5 .0 . By  com paring the iso therm s obtained on an acid and base 

su b stra te  to that obtained on the NaCl su b s tra te , it is concluded that in 

the above pH range there  was no competition from hydrogen ions and that 

the monolayer is  e ssen tia lly  completely ion ized . This was the same con­

clusion reached  by Thomas and Schulman (92).

With the cadmium ions added to the su b s tra te , there  is  no in te r­

action with the NaC2QSO^ monolayer until the ionic concentration  

reached 3x10 M (figure 29). A sharp  drop in the su rface p re ssu re  neces­

sa ry  to collapse the monolayer is noted. As the cadmium ion concentration 

in the su b s tra te  is  in c re a se d , the su rface p re ssu re  v e rsu s  a re a  isotherm  

shows the p ro p e rtie s  of a  more expanded m onolayer. The su rface  poten­

tial isotherm  shows a trend of in creasin g  poten tia ls a t the higher a re a s  

and a d ec rease  in potential a t the low er a re a  as tthe cadmium ion concen­

tra tio n  in c re a se s .

The sharp  drop in the co llapse p re s su re  of the N aC ^S O ^ mono­

lay e r a s  the cadmium concentration  is  in c re a se d , ind icates that the di­

valent cation is  in te rac ting  with the m onolayer, neu tra liz ing  its  charge 

and allowing the film to co llapse more e a s ily . The monolayer becomes 

more expanded also  indicating an in te rac tion  between it and the cadmium.
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The slight changes in the su rface  potential iso therm s is  a lso  indicative 

of an ion-m onolayer in te rac tio n .

A number of divalent cation studies w ere previously  perform ed on 

alkyl sulfate and sulfonates (90 ,92 ,93). The lack of an effect of barium 

ion on a sodium docosyl sulfate monolayer was noted by Stenhagen (90). 

Thomas et a l (92) found the absence of an effect of polyvalent metal 

ions on an alkyl sulfate monolayer when com pared to th e ir  effect on 

fatty acid monolayers (89 ,94); although a t high concentrations a  strong  

in teraction  is  indicated , in the work of D reher et a l (93) on alkyl sul­

fonates, the same conclusions w ere draw n; th e re  was no d ra s tic  change 

in the iso therm s of the m onolayers when d ivalent and monovalent cations 

a re  com pared.

The analogy between the monolayer study and the cation-m icelle 

in teraction  taking place in solution has its  lim its , nam ely, the monolayer 

can be com pressed a t will while th is  is  not the case  with the m icelle.

An application of the Ciibbs equation to su rface tension v e rsu s  In of con­

cen tra tion  of long chain sodium alkyl su lfate so lu tions, leads to values 

in the o rd e r of 40-80 A /m o lecu le . Using m easured m icellar dimensions 

(24,29) the a re a  per molecule fo r the NaDDSO^ is  about 65 A /m olecule 

in the m icelle. It is  c le a r  that in th is reg io n , the p resence  of cadmium 

ion in the su b stra te  does not markedly affect the su rface iso therm s of 

the N aC ^S O ^ monolayer although a slight change in the shape of the 

su rface  p re s su re  isotherm  and a small in c re a se  in su rface potential 

is  m easured.

T hus, from the monolayer study it is  seen that the cadmium ions
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have a minor effect on the m onolayer, hence, presum ably, a  minor effect 

on the micelle s tru c tu re . It is  also concluded that since th e re  is  a slight 

in te rac tio n , the cadmium ions must be close to the su rface  of the mono­

la y e r; thus by analogy, close to the su rface of the m icelle , in o rd e r  to 

fu rth e r support th is , omf stud ies w ere undertaken .

B) Electrom otive F o rce  Study:

The determ ination cf the activ ity  of ions with varying surfactan t 

concentration will give some insight into the binding of these  ions to the 

m icelle. Botre* et a l (95,96) using membrane e lec tro d es of both negative 

and positive type determ ined cation activ ity  in various anionic and ca t­

ionic su rfac tan ts . The degree  of associa tion  between the micelle and 

the counterions w ere determ ined from experim ental activ ity  coeffic ien ts , 

indicating that the strong  e lec tro s ta tic  field of the charged micelle tends 

to bind a la rge  frac tion  of the coun terions. Shedlovsky et a l (97) and 

F einste in  et al (98) found that there  is  a  b reak  in the ac tiv itie s  of the 

counterions of sodium alkyl su lfa tes a f te r  the cm c, and that the activ ity  

levels  off somewhat (97). P ea rso n  et a l (99) found that the activ ity  of 

the sodium ion increased  as the concentration of calcium ion increased  

and a ttrib u ted  th is to the binding of the divalent ion to the micelle d is­

placing two sodium ions for each ion bound.

it would be expected that if the cadmium ions adso rb  on o r in te rac t 

with the su rface of the m icelle , the activ ity  of the cadmium ions will drop 

and become re la tive ly  constan t above the cm c. The activ ity  of cadmium 

ions was studied in a  s e r ie s  of solutions containing d ifferen t cadmium
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n itra te  concentrations and varying  su rfac tan t con cen tra tio n s. A cadmium

ion specific e lec trode  (Orion R esearch  in c . ,  Cam bridge, M ass.) was

used in conjunction with a s i lv e r -s i lv e r  ch lo ride  re fe ren ce  e lec tro d e ;

potentials w ere m easured in a  s ti r re d  solution a t 25+0.1 °C with a .Leeds

and JMorthrup Type K potentiom eter. L ° values fo r the e lec trode  system ,

in effect a  ca lib ra tion  of the solid s ta te  and re fe ren ce  e le c tro d e s , w ere

determ ined with standard ized  cadmium n itra te  solutions in d istilled  w ater

and from published values of the activ ity  coefficient (100). The LM**’

values which w ere obtained fo r the su rfac tan t solutions w ere then used

to calculate the ac tiv itie s  of the cadmium ion in solution by using the

N em st equation.

F ig u res  51 and 32 a re  p lots of the Cd ion activ ity  vs JNaDDSo^.

In these solutions the concentration  of cadmium ion was held constant (at

1 x 10~^M in figure 31) while the NaDDSu^ concentration  was v a ried .

in the 1 x 1  CT^M Cd in experim ent th e re  is  a  sharp  fall off in activ ity

to a  substan tia lly  constant value a t concentrations slightly  above the

cm c. The activ ity  d rops from 1 x 10~^ to 2 .7  x 10~7 as the NaJJDSU^
—'5 —2cmc goes from 1 x 1 0  M to 8 x 1 0  M. The same effect is  noted when 

cupric  ion was used (figure 33). The cupric  ion concentration  was 

held constant a t 2 x 10~^M while the iNaDDSO^ concentration  was v aried .

The cupric  ac tiv ity , ca lcu lated  using the same method a s  was the cadmi—
* 7

um activ ity  (100), d rops from 2 .2  x 10 to about 9-5 x 10~ . in the cad­

mium determ inations no p rec ip ita tio n  was noted in the solutions even when
—2 —2a cadmium ion concentration  of 1 x 10 N is  mixed with an 8 x 10 M

NaLDSO^ solution and was left standing fo r se v e ra l d ay s . The same
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re s u lts  w ere observed with the cupric  ion determ ination although only

one cupric concentration  was used . P earso n  (99) indicated that a  5 x 10 M

calcium ion concentration  w ill cause p recip ita tion  of the calcium  sa lt of
_2

dodecylsulfate when mixed with a 7 x 10 M NaDDSo^ solu tion .

From  the above it can be concluded that the divalent metal ion 

(e ith e r cadmium o r  copper) is  a sso c ia ted  with the micelle surface and 

is  not available a s  the fre e  ion in solution a s  indicated by the la rg e  drop 

in ac tiv ity . It can a lso  be seen that the cadmium ion does not in te rac t 

strongly with the alkyl sulfate since no p recip ita tion  is  noted when high 

concentrations of cadmium and ISIaDDSU^ a re  mixed.

From the re su lts  obtained in these two s tu d ies , the basic  prem ise 

that the divalent cation is  on the su rface of the m icelle and that it does 

not change the s tru c tu re  of the m icelle, is  substan tia ted , th u s  the po- 

la rograph ic method is  valid as a technique for the determ ination of mi- 

c e lla r  diffusion coeffic ien ts .
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CHAPTER IV:

Summary and Conclusions

A survey of the chem ical l i te ra tu re  rev ea ls  many techniques fo r 

the determ ination of diffusion coeffic ien ts . Some of these  methods in­

volve: the following of a sp read ing  boundary optically , allowing a rad io ­

active species to diffuse from an open ended cap illary  tube into a  non­

rad ioactive  bulk solution, and following of the diffusion of a  species 

a c ro s s  a  perm eable membrane. T hese methods a re  usually experim ent­

ally  tedious and involve ra th e r  complex mathematics to eventually de­

term ine the diffusion co effic ien ts . When applied to su rfac tan t solutions 

the o v era ll d ifficu lties tended to in c re a se .

The po larographic method is  a standard  analy tical technique using 

read ily  av a ilab le , re liab le  instrum entation allowing fo r m easurem ents of 

a  diffusion c u rre n t of a reducib le  sp e c ie s . The m easured diffusion cu r­

re n t is  re la ted  to the diffusion coefficient of the species by the llkovic 

equation, in the application of polarography to the determ ination of m i- 

c e lla r  diffusion coeffic ien ts , a reducib le sp ec ies  must be asso c ia ted  with 

the m icelle, e ith e r adsorbed on the m icelle su rface  o r  solubilized within 

the m icelle. When the species is  red u ced , a  diffusion c u rre n t which is  

re la ted  to the m icellar diffusion coefficient is  obtained.

An equation which re la te s  the m ice lla r diffusion c u r re n t ,  i^m, 

and the c u rre n t obtained from an equal concentration  of ionic sp e c ie s , 

i^ ,  to th e ir  resp ec tiv e  diffusion coeffic ien ts was derived  with a c o r re c ­

tion fac to r which takes into account the sp h erica l natu re  of the drop and 

the d iffe rences in the drop tim es:
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Determ ination of the p roper tagging cation was accom plished by 

f ir s t  running a polarogram  of the untagged sodium alkyl sulfate and then 

finding an a re a  w here the c u rre n t is  re la tive ly  constant over sev era l 

tenths of v o lts . A divalent cation which is  reduced in th is a rea  is  

chosen; the cadmium ion fit th is c r i te r ia  in th is w ork. A polarogram  

of the su rfactan t was run  and a  c le a r  unobstructed plateau fo r cadmium 

was obtained.

The dissolved oxygen, which proved to be an in itial problem , was 

removed using a  specially  designed degassing  disc which sim ultaneously 

broke the foam that was produced when p repurified  n itrogen was bubbled 

through the te s t so lution. No ex cess  supporting e lec tro ly te  was neces­

sa ry  as i t  was proven that the unassociated  ions left in solution w ere 

sufficient to significantly  reduce any migration c u rre n t.

Of the two methods of tagging the m icelle, only one proved to tally  

accep tab le . The solubilization of the cadmium sa lt of a fatty  acid into 

the m icelle, although theore tica lly  sound, had one major draw back. 'The 

excess sodium ions from the sodium alkyl su lfate caused some of the cad­

mium to exchange with the sodium io n s. Thus some doubt is  c a s t on the 

solubilization method as a way of tagging the m icelle.

The second method makes use of the la rg e  e lec tro s ta tic  field on the 

m icelle. If a divalent cation is  placed in an anionic m icellar solution, 

the cadmium ion is  adsorbed on the micelle su rface due to coulombic 

a ttra c tio n . Thus, by adding a known amount of cadmium ion to solutions 

of NaDSO^, NaDDSO^ and N aT D So^, th e ir  m icellar diffusion coefficients
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w ere easily  calculated  from the m easured diffusion c u r re n ts .

By using monolayer and electrom otive force s tu d ies , it was 

proven that the cadmium ion is  found on the su rface of the micelle and 

does not significantly  a l te r  the m ice lle 's  s tru c tu re . The lack of a 

d ra s tic  change in the su rface p re s su re  and su rface potential isotherm s 

of a N aC ^S O ^  monolayer (used as a  macromodel of the m icelle surface) 

which was spread  over a su b stra te  of 8 .5  x 10 M NaCl in which the cad­

mium ion concentration  was varied  shows that there  is no m ajor in te rac ­

tion between the monolayer and the cadmium ions; although it was con­

cluded tha t, from minor changes in the surface p re ssu re  and su rface  

potential iso th erm s, the cadmium ion is  c lose  to the su rface of the mono­

la y e r . A la rg e  d ec rease  in the activ ity  and the eventual leveling off of 

the activity  a fte r the cmc of the cadmium ion a s  the JNaDDSO^ concentra­

tion wTas in c reased  shows that the cadmium ion is  being adsorbed on the 

su rface  of the m icelle . A lack of p recip ita tion  when the cadmium and 

NaDDSO^ concentrations were both la rg e  shows a lack of any strong  

in teraction  which will d isrup t the m icellar s tru c tu re .

It can then be concluded that the polarographic method fo r the de­

term ination of m icellar diffusion coefficients is  a valid method provided 

the p ro p er tagging agent is  u sed . It is  a lso  concluded that fo r the sodium 

alkyl su lfate system s, the cadmium ion is  an excellent tagging agent in 

that it will be p re fe ren tia lly  found on the micelle su rface without changing 

the micelle s tru c tu re . The system  developed in th is th es is  is  valid fo r 

solutions of anionic su rfac tan ts  which a re  n eu tra l o r  slightly  ac id ic .

In basic solutions the cadmium ion is  removed by the form ation of cadmium
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hydroxide. T hus, although the method developed is  a general method, 

i t  is  lim ited by the chem istry  of the ions involved.
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APPENDIX 1

CALCULATION OF CORRECTION FACTOR FOR DIFFUSION 
COEFFICIENT' CALCULATION

The co rrec ted  Ilkovic Equation is i

id = 607nD*m2/ V 6 (1 + A D ^t^/m ^3)

w here A has a num erical value between 17 (.67) and 56 (66). An average

value of 28 will be used in the following ca lcu lation . The diffusion coef-
—7 2ficien t used fo r the micelle will be 9 x 10 cm /s e c  and for the cadmium

—6 2ion a value of 7 x 10-  cm /s e c  will be used . The two co rrec tio n  term s 

become:

fo r the m icelle: 1 + 28(9x10~7 )^(3 .8 )^6 = 1 .028
oTtT5

for the cadmium ion: 1 + 2817x10~6) M 4 . ? / 6 = 1.078
U.lP

T h u s» Mm = / “ m \ I m 1 / 1.028
~  h I  — J (T7T375-

Solving foi the m icellar diffusion coefficient and substitu ting  the p ro p er 

values of the drop tim es:

Dm -  ( ‘dm V* xD* / l i i l  ^  ( ± m \ 2 = idm 2 Dx(1.04X 1.048)2

(V7 I3-8/ \uoza) ‘d

Thus the diffusion coefficients must be multiplied by a  fac to r of

1 .1 4 . The co rrec ted  equation fo r the calculation of the m icellar dif­

fusion coeffic ients is  lis ted  as 42a.
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