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Abstract

Dynamic Surface Tension of Aqueous Surfactant Solutions

t»y

XI Yuan Hua

Advisor: Professor Milton J. Rosen

The contributions of this work are  a s  follows:

(1) T he technique of dynam ic surface tension m easu rm en ts by the maximum

bubble p ressure h as been  improved.

( 2 )  T he dynam ic behav io r in su rfa ce  adso rp tion  for 15 highly purified 

su rfac tan ts  and  one partially purified com m ercial su rfac tan t h a s  been  

investigated. A general conclusion h as  been  drawn: the  g reater the surface 

activity of the surfactant, the m ore will its dynam ic behavior deviate from 

its equilibrium behavior.

( 3 )  M ethodology h as  been  developed for presenting  dynam ic surface tension 

data . Various param eters characterizing dynam ic surface tension have been 

defined and various factors affecting these  param eters have been  discussed. 

A new  term , m eso-equilibrium  su rface  tension , which is useful both in 

applcations and in discussing the m echanism , is suggested .

( 4 )  A fairly good correlation betw een the wetting time on cotton skeins and  the 

su rface  tension  at 1 seco n d  h a s  b een  found for 20 com m only used  

in d u stria l a n d  3 purified  s u r fa c ta n ts ,  e a c h  a t  th re e  d iffe ren t 

concentrations.

iv



(5) Theoretical ad v an ces have been  m ade, which might be further developed: 

(a) the relation betw een dynam ic surface tension d a ta  m easu red  by the 

maximum bubble p ressu re  m ethod to surface elasticity, which is ano ther 

important a rea  in dynam ic p ro cesses ; (b) a  sem i-quantitative criterion for 

the m echanism  of surface tension ch an g e  with time; (c) a  new concept, 

dynam ic critical m icelle co n c en tra tio n , b a s e d  on non-equilibrium  

therm odynam ics.
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Chapter I: Introduction

A. History

It h as  been known for long time that the surface tension of a  freshly formed 

so a p  solution falls steadily with time, and  m ay require anyw here from a few 

second  to several days before reaching its final equilibrium value. This effect w as 

first dem onstra ted  by Lord Rayleigh in 1890, who show ed that the  dynam ic 

su rface  tension  of a  sodium  o lea te  solution, m easu red  by a  vibrating jet 

technique, is only slightly lower than  w ater. However, the equilbrium surface 

tension, m easu red  by the capillary rise m ethod, is about 25 mN/m. Moilliet and 

C ollie1 divided this phenom enon into two types: (i) a  rapid ageing, which usually 

ap p ears  to b e  com plete in a  few seco n d s at most; (II) a  slow ageing which may 

last for several d ay s or w eeks. (According to our investigation, the rapid ageing 

for com m only u sed  su rfactan ts  ap p e a rs  to b e  com plete  in sev era l ten s  of 

seconds).

The first com prehensive and system atic experim ental work in the a rea  of 

Vapid surface ageing’ is Addison's study 2 9 of the dynam ic surface tensions of 

aq u eo u s solutions of a  series of aliphatic alcohols by m eans of the oscillating jet 

method. Although m ost of the alcohols which he studied are  not to be  considered a s  

very effective surface-active agen ts , his work is of considerab le in terest in that 

it reveals the  general nature of the time dep en d en ce  of the surface tension of 

solutions during rapid surface ageing phenom ena.

Addison stud ied  aq u e o u s  solu tions of m ethyl, ethyl, n-propyl, n-butyl,
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n-am yl, iso -am yl, n -hexyl, tert-hexy l, n -hep ty l, n-octy l, an d  iso-octyl 

alcohols. He found that equilibrium w as estab lished  so  rapidly with the alcohols 

up to and including the butyl, that no ageing could be detected  by the experimental 

m ethod used . A m easurable time-lag w as found with the o ther m em bers of the 

series, the surface tensions falling continuously from that pure w ater to the final 

equilibrium values. The column 4 in Table I gives som e typical figures for the 

time, t, required for the  surface tension to reach  the final equilibrium values. 

The rate at which equilibrium w as attained with a  given alcohol w as also found by 

Addison to be  greater the greater the concentration.

Now the question is why surface tension changes with time. There are many 

possibilities, for exam ple, the rate-determ ining p ro cess  is a  simple diffusion of 

su rface-active  so lu te  from the interior of solution to th e  in terface, o r the 

velocity of a tta inm ent of equilibrium is determ ined  by p ro c e s se s  involving 

activation at energy  barriers In adsorption from sub-su rface  to su rface, or in 

orientation. W ard10 suggested  the following possibilities for the time effect: (i) 

A barrier in the  chain of p ro cesses  leading to adsorption, for exam ple, slow 

diffusion to the surface, followed by immediate adsorption; or rapid diffusion to 

the  surface with the  barrier immmediately before adsorption; o r barrier in the 

bulk solution to supply of adsorbed  species, such  a s  the  existence of dim ers in 

solution; (ii) rapid diffusion and  adsorp tion , followed by a  slow m olecular 

rearrangem ent or reorientation in the surface; (iii) A time effect cau sed  by slow 

changes in bulk, a s  in complicated colloid system s.
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Table I 

Mean Migrational Velocity

Alcohol C, %  d x 1 0 5 -cm  t, sec  v x 1 0 4

cm /sec

n-Amyl 0.10 2.35 0.023 10.2

0.20 1.62 0.016 10.1

0.40 1.15 0.012 9.6

n-Hexyl 0.03 8.63 0.055 15.7

0.06 6.43 0.041 15.7

0.09 5.02 0.034 15.0

0.12 4.17 0.026 15.9

0.18 3.35 0.023 14.6

n-Heptyl 0.02 24.7 0.074 33.5

0.04 16.2 0.048 32.8

0.06 11.4 0.037 31.1

0.08 8.95 0.029 30.6

n-Octyl 0.0224 42.7 0.068 62.8

0.030 34.7 0.052 66.7

tert-Hexyl 0.06 4.10 0.035 11.6

0.09 3.14 0.028 11.2

0.14 2.26 0.019 12.0
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B. Measuring Techniques

(1) Oscillating Je t Method

This m ethod belonges to the category of "liquid flow m ethods’ . If a  jet of the 

liquid to be exam ined is forced through a  small elliptical orifice under constant 

p ressu re , stationary w aves a re  produced in the stream . T hese  w aves oscillate 

about their equilibrium circular form, the restoring force being the su rface  

tension.

D eterm ination of the outflow ra te , the m ean radius of the jet, and the 

wavelength are sufficient for the calculation of the surface tensions along the jet, 

for surface ag es  varying betw een 0.1 and 0.001 second. Rayleigh11 in 1879 gave 

the  first m athem atical trea tm ent to it. P e d e rso n 1 2 , Bohr13 , an d  S to ck er14 

further im proved the  experim ental tech n iq u e . B ohr13 , in 1908, derived a 

com plete hydrodynamical treatm ent of the problem. He su g g ested  an  equation 

giving su rface  tension (yt) along the jet in term s of the w avelengths (X), the 

outflow ra te  (Q), and  the maximum and  minimum radii of the  jet (rx and rj). 

S u th e rlan d 15 h as shown that, for dilute aqueous solutions the viscosity of which 

is not g rea ter than 0.01 poise, correction factors in the Bohr equation can be 

neglected. The equation then becom es

4 p Q 2 1 + (37/24) (b /  r)2

Yt -  —  _____________________
6rX2 1 + (5/3) ( n r 2 /  X2 )

[ 1 - 1 ]
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w here p  is the density of solution, Q, the volume flow quantity, and r is the

equivalent radius of the cross section of jet, shown a s  in equation 1-2

r -  ( rx + rj ) / 2 [ 1 - (1/6) [( rx -rj) / ( rx + ri) ]2  | l - 2 ]

w here rx and rj a re  the maximum and  minimum radii of jet, respectively. The

term (b/r) deno tes the ellipticity degree of the jet cross-section, 

b ( r x - r j)

— -    [ 1 - 3 ]

r ( r x + r j)

The method of measuring the wavelength is essentially due to S tocker14. The 

je t is illuminated with a parallel beam  of light. A pinhole in a  tinfoil sc reen  

forms a point source of light. The hole is illuminated by projecting on the screen  

the im age of the filament of a  lamp, using a  lens. The point source is placed at the 

focus of another lens, and the resultant parallel beam  of light is narrowed by a 

horizontal slit in the screen  to illuminate only the jet. Each wave of the jet ac ts  

a s  a  cylindrical convergent lens, producing well-defined line im ages, which can 

be observed on a  focusing screen  or recorded on a  photographic plate.

A nother liquid flow technique16 for the m easurem ent of dynam ic surface 

tension d ep en d s on the  relationship betw een surface tension and the sh ap e  of a 

falling colum n of liquid. Surface tension o p p o ses  the elongation produced by 

acce le ra ted  motion and consequen tial cross-sectional a re a  constriction. The 

control of the column is diffucult and precise m easurem ent is elusive.

(2) Inclined P late M ethod17
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This m ethod bears som e analogy to the oscillating jet method. It consists of 

flowing a  thin layer of a  surfactant solution over an inclined plate. At the inlet, a 

fresh  su rface  is form ed and  gradually  su rfac tan t m olecu les a d so rb  with 

increasing  d is tan ce  from it. In this way th e  su rface  tension  d e c re a s e s  at 

increasing d istance from the inlet. This surface tension is m easured  a s  a  function 

of the d istance by m eans of a  Wilhelmy plate connected  to a  transducer. This 

method w as designed to m easure dynamic surface tensions in a  time scale  betw een 

a  tenth of a  seco n d  and a  few seco n d s, a s  a  supplem ent to the oscillating jet 

method.

(3) Maximum Bubble P ressure Method

The maximum bubble pressure method is b ased  on the idea that a  bubble of 

g as  growing at the tip of an  im m ersed capillary is stable a s  the p ressu re  of the 

g as  increases until the bubble becom es hemispherical. At this point its radius of 

curvature is minimum. Beyond it, the bubble is unstable and  grow s explosively 

until it d e tac h es  itself. A maximum p ressu re  difference, A P m ax, which equals  

the difference betw een the maximum pressu re  in the bubble and the atm ospheric 

p ressu re , is m easured  when the radius of the bubble (r) just equals that of the 

capillary, and from this the surface tension of the liquid (yt) a t that instant can 

be  directly calculated by Laplace's relation:

A P m.x  '  Pflh -  2y, /  r [ 1 - 4 ]

w here the term (pgh) is a  correction for the  hydrostatic p re ssu re  due  to the 

immersion of the capillary. S ince S im on18 first used  this m ethod in 1851, it h as
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been refined and adapted in many w ays19' 50. M yselss1h as suggested  a number of 

modifications and  im provem ents in the m easuring technique. As a  result, the 

surface tension can  be m easu red  with a  sensitivity of 0.01 dyne/cm  and an 

accuracy of som e 0.1 dyne/cm over bubble intervals from 0.1 second  to several 

hours. Miller and  Meyer52 have described  an instrum ent for dynam ic surface 

tension m easurem ent by this method.

(3) Wilhelmy Plate Method

This arrangem ent determ ines surface tension from the force required to 

pull a  p la te  vertically from the  tes t solution surface. T he C ahn Instrum ent 

C o m p a n y 53 offers a  dev ice  for dynam ic su rface  tensiom etry  cap ab le  of 

comparatively low ra tes of surface formation54.

(4) Drop Volume Method

The principle of the drop volume m ethod for equilibrium surface tension 

m easurem ents h as  been  described by many investigators. For m easurem ents of 

tim e-dependent surface tension a  modified procedure is necessary . Tornberg55 

h as  suggested  a  procedure in which a  drop of a  certain volume is expelled rapidly 

and  the time necessary  for surface tension to fall to such a  value that the drop 

becom es detached  is m easured. Due to the surface tension decay from the time of 

formation until de tachm en t of drop, the  surface of the drop expands. This 

technique is limited to slow adsorption p ro cesses , a s  in the c a s e  of protein 

adsorption. The surface age in this techinique is up to 40 min.
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(5) Surface Potential Method

This m ethod employs an  air electrode. This is a  metal electrode tipped with 

a  small am ount of radioactivity, which ionises the air in its neighbourhood. This 

electrode is u sed  to m easu re  ch an g es in the contact potential a t an  air-liquid 

interface cau sed  by adsorption of surface-active ions or molecules. The change in 

potential is cau sed  by the dipoles or ions of the film m olecules. The m agnitude of 

the change d epends on the vertical com ponent of the dipoles or m olecules in the 

film, and  on the extent to which the w ater m olecules and ions in the solution are 

re-arranged near the surface under the influence of th ese  dipoles. This technique 

w as first devised by Guyot56 and  Frumkin57 and later developed and extended by 

Schulm an and  Rideal58 for the  study of insoluble m onolayers at the air-water 

interface. It h as  been  applied since by Posner and  A lexander59 to m easure the 

potential along a  steady  jet of liquid; the surface ag e  is a  function of flow rate and 

the distance along the jet, and the surface potential gives a  m easure of the surface 

tension. Surface potential m easurem ents are  translated  into surface tensions by 

com paring the dynam ic potentials with similar m easu rem en ts  m ade on static 

surfaces of the sam e com pound at different concentrations.

Table n lists the range of surface ag e  for som e m ethods of dynamic surface 

tension  m easu rem en ts. We can  se e  from tab le II that th e  maximum bubble 

p ressure  m ethod covers a  relatively large range of surface ages.
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Table II

The Range of Surface Age for Dynamic Surface Tension M esurem ents

Method Range of Surface Age Reference

Oscillating Je t 0.6 ms - 90 ms 60

Surface Potential 0.6 ms -90 ms 5 9

Maximum Bubble Pressure 50 ms - 1000 s 23, 61, 51

Inclined Plate 50 ms - 2 s 1 7

Drop Weight 0.1 s -30 s 62

Drop Volume up to 40 min 55

Falling Meniscus 1s- 1 min 63

Wilholmy Plate min - hour 53
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C. Previous Work In Dynamic Surface Tension

T here are two directions of research  in this field: stud ies of the adsorption 

m echanism  and kinetics, and phenom enological studies. The Ward and Tordai 

trea tm ent, Jo o s  treatm ent, H ansen  and  B endure treatm ent, "diffusion-kinetic 

model", and Addison's m ean migrational velocity belong to the former.

If it is assu m ed  that the orientation of surfactant m olecules at the surface 

d o es not affect dynamic surface tension, then the dynamic surface tension can be 

attributed to the changing concentration of surfactant at the surface due to rate of 

adsorption. Adsorption may be considered  a s  a  tw o-step p ro cess  involving: (i) 

diffusion of solute m olecules from the bulk to the  sub -su rface  (which is the 

layer a  few m olecules thick immediately below the surface); (ii) adsorption of 

the solute m olecules from the sub-surface onto the surface.

(1) Ward and  Tordai Treatm ent

W ard and  Tordai64 hav e  given the g en e ra l formulation and  com plete 

m athem atical solution to the  problem  of diffusion-controlled adsorption. They 

have a ssu m ed  th a t (I) th e  adsorption from the  bulk to  th e  su b -su rface  is 

instan taneous, hence  the rate of approaching the equilibrium surface tension is 

determ ined only by the diffusion of the surface-active material from the bulk of 

the solution onto the surface; (ii) the formation of the  diffusional layer is not 

d isturbed by convective currents.

(a) The Ward and Tordai Equation 64
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The Ward and Tordai equation is

r t -  2 (Da p / re ) i ' 2  { C t1/2 . | c t  (z) d[(t - z)1/2]} ( i . 5]

w here r t is the surface concentration  at time t; Da p , the ap p a ren t diffusion 

coefficient; C, the  concentration in the bulk p h ase  of the  solution; Cs , the 

concentration in the subsurface; z, a  time variable from zero to t, and  k  equals 

3 . 1 4 1 6 .

The sub-surface concentration (Ca) can  b e  obtained from the equilibrium 

su rface  tension v ersu s  concentration  curve, assum ing  tha t su b -su rface  and  

ad so rb ed  layer a re  in equilibrium. The integral term on the  right-hand side of 

eq u a tio n  1-5 is a  correction  for back-diffusion, which can  b e  ev a lu a ted  

graphically. Thus, either r t or 0 ap m ay be calculated by u se  of equation 1-5 if 

one of them is known. ~ ~

The Ward and  Tordai equation m akes it possible to obtain apparent diffusion 

coefficient (Dap) from m easurem ents of surface tension which vary with time. If 

there is nothing in the nature of the physical system  to invalidate the assum ption 

of in stan tan eo u s equilibrium betw een  the su rface  and  the  su b -su rface , Dap  

should b e  equivalent to the  actual diffusion coefficient (D). If the assum ption is 

not true , and  there  an  activation barrier betw een  the su rface  and  sub-surface , 

the value of Dap will dep en d  on which is the  controlling step . For a  calculated  

value of which is of the  sam e order of m agnitude a s  D, the normal diffusion 

p ro cess  is the slower of th e  two; for a  calculated value of Dap which is sm aller 

than th e  value of D, it is evidently the barrier at the su rface  which h a s  the 

controlling role. Quantitative conclusions cannot, however, b e  drawn.
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(b) Simplified Equation

The calculation p rocedure  by the W ard an d  Tordai equation  is time 

consuming b ecau se  of the back-diffusion term in equation 1-5. Besides, the value 

of this calculation depends on the accuracy with which Cs and r t are known.

A simplification is to restrict the analysis to surface ag es  w here the surface 

tension has not d ec reased  appreciably from the value of pure solvent. Under this 

condition, the back-diffusion term in equation 1-5 can  b e  neqlected . Equation 

1-5 then  reduces to

r t -  2 (Dap  / 7i ) 1/2 ( C t1/2 ) [ 1 - 6 ]

Taking logarithms, we obtain

log t -  2 log ( r t 1C  Dap 1/2) + log (ji /  4 ) [1 -6 ’]

Using the actual diffusion coefficient (D), a  plot of log t vs. log ( r 1 / C D1/2) 

should be a  straight line with a  slope of two, if diffusion is the oontrolling step .

Defay and  Hommelen65 reported that the plot of log t vs. log ( r, / C D1/2) 

for som e aliphatic alcohols and acids with D -  5 x 10'6 cm2/s  and rt -  2 x 10’10 

m ole/cm 2, which w as calculated from the static surface tension, show s a  straight 

line with a  slope of two.

(2) Jo o s  Treatm ent66

Jo o s  and Bleys66 d iscussed  the relationships in the dynam ic surface tension

m easurem ents by the oscillating jet method. In an  oscillating jet experim ent the

surface tension is m easured  with increasing d istance from the  orifice of the jet.

The distance is usually related to a  diffusion time t through the equation
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t - x / V # I I - 7 ]

w here Vs is the surface velocity at x, x is the distance from the orifice of the 

jet. Instead of using the Ward and Tordai equation, Jo o s and Bleys considered the 

whole system  to be in a  steady state and the surface is gradually stretched. This 

stretching is exp ressed  by the surface dilatation, 0

0 = dV , / dx [ 1 - 8 ]

This dilatation is largest a t the orifice of the jet and is zero  when the surface 

tension  h as  atta ined  th e  equilibrium value. Such a  stretching experim ent is 

described by the theory of Van Voorst Vader67 For small dilatation and assum ing 

a  linear relation betw een the variation of the surface tension with concentration 

in a  limited interval, the resulting variation of surface tension is

Ay =  Y t-Y eq -  - r* q (  dtf / dC) (710/2  D)1/2  [ 1 - 9 ]

w here Yt an d  Yeq ar® ,he surface tension at time, t, and the equilibrium surface 

tension, respectively; 0  is the diffusion coefficient and r eq is the equilibrium 

surface ex cess  concentration. From equation 1-9, log tff  plotted vs. log 0  should  

give, a t least for sm all deviation from equilibrium, a  straight line with slope 

0.5. For higher d ilatations, however, the the A y - 0 1/2 curve flattens out a s  

predicted by Van Voorst V ader's theory67, and the results plotted on a  log - log 

sca le  yield a  slope betw een zero and 0.5. Hence diffusion theory requires a  slope 

betw een zero and 0.5.

S ince 0  -  1/2 t in the oscillating jet experim ent, equation 1-9 b ecom es 

*Y =  Yt * Yeq -  *r eq  < <*Yt '  dC) (71 /4 t D)1' 2 [ 1- 1 0 ]

This equation indicates that log Ay plotted vs. log t should give a  straight line with
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slope equal to -0.5 when diffusion is the controlling m echanism .

Of course equation M O is only an approximation, since both r eq and  d Yt / 

dC depend on concentration. Hence equation 1-10 rem ains valid at low values for 

Ay. This restriction is not serious since the product, r eq (d yj / dC), d o es not 

change much with concentration.

Exam ples given by Joos and Bleys are as  following:

The curve of log Ay vs. log t for octanol (C -  2.7 x 10' 3 mole/ dm 3 ) is a line 

with a  slope of -0.5, w h ereas  the curve for 1,9-nonanediol (C -  3 .8  x 1 0 '3 

m ole/ dm 3 ) is approxim ately a line with a  slope of -1. This ind icates that 

diffusion is the rate-controlling step  for the system  of octanol, and  a relaxation 

m echanism  other than diffusion o perates for the system  of 1,9-nonanediol.

(3) H ansen and Bendure Treatm ent

H ansen68 suggested  a  theory for diffusion-controlled adsorp tion  kinetics 

in system s obeying the Langmuir adsorption isotherm. The general solution has 

two limiting c a s e s  which can  be  com pared to experim ent corresponding to the 

initial (short-tim e) adsorption and  the final (long-time) adsorp tion . For the 

limiting c a se  of diffusion at long adsorption tim es H ansen obtained equation 1-11

( r . q )2r t

Yt ‘ Yeq -  ________________
(K D ) , / 2 (C ) ( I ) 1/ 2  (1-1 1 ]

w here C is the bulk p h ase  concentration, r eq is the equilibrium limiting surface 

excess, and the other symbols are a s  defined above. This equation predicts that a
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plot of dynam ic surface tension a s  a  function of the reciprocal of the square root 

of the adsorption time should be linear with a  slope depending on the surface 

excess, the bulk p h ase  concentration, and the  diffusion coefficient. Note that the 

right side of this equation is tc tim es sm aller than  that in equation  M O , 

H ansen 's result is only qualitatively in agreem ent with Jo o s ', i.e. the cun/e of log 

Ay  vs. log t h as  a  slope of -0.5 when diffusion is the controlling m echanism .

For the short time limitation, B endure60 , according to H ansen 's  theory, 

suggested  equation 1-12

(Yo - Yt>
________  -  2 RT (D/Jl) 1/2 t 1/2 I I - 1 2 J

C

w here the term (y0 - yt) / C is defined a s  the reduced surface p ressu re  (y0 is the 

surface tension of pure solvent). This equation predicts that a  plot of reduced 

surface p ressure  a s  a  function of the  square root of the adsorption time should be 

linear with a  slope depending on the diffusion coefficient, if diffusion is the 

controlling sfr*p. Bendure reported the diffusion coefficients calculated from the 

slope of the reduced surface p ressu re  vs. the square root of t (m easured  by the 

maximum bubble p ressu re  m ethod) by u se  of equation 1-12: 1.0 x 1 0 ® cm 2/s  

for diinethyldecylphosphine oxide, 0 .4  x 10® cm2/s  for dim ethyldodecyl am ine 

oxide, 1.5 x 10'® cm 2/s  for dim ethyldodecylphosphine oxide, an d  1.3 x 10® 

cm 2/s  for n-dodecyl hexaoxyethylene glycol ether. T h ese  v a lu es  a re  within a 

factor of five of typical bulk p h ase  diffusion coefficients ( 5 x 10 ® cm 2/s  ).
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(4) Addison's M ean Migrational Velocity

A d d is o n 3 in troduced th e  co n cep t of m igrational velocity of a so lu te  

molecule, i.e. the m ean velocity at which it travels to the surface. By applying 

the Gibbs equation to the equilibrium surface vs. concentration curve, Addison 

calculated the total ex cesses , r eq , at various concentrations. He then supposed  

that these  e x c e sse s  w ere drawn from a  disc of unit cross-sectional a rea  placed 

with one face  in the  su rface. With this assum ption , he then calcu lated  the 

thickness d of this d isc from the values of r eq and the bulk concentrations, using 

the equation d -  r eq / C, w here C is the bulk concentration in mole/ml. Adison 

then a ssu m ed  that surface equilibrium w as es tab lish ed  when the  last of the 

m olecules initially in the d isc  had  re ach ed  the  su rface , and  ob ta ined  the 

m igrational velocity by dividing d by the  tim e required  for the atta inm ent of 

equilibrium. T he value of the m ean  migrational velocity thus calculated was found 

to be characteristic of each  aliphatic alcohol studied, an d  to be  independent, 

within th e  experim ental erro r, of the  concen tra tion . A further in teresting  

characteristic of Addison's "migration velocity" is that, in a  hom ologous serie s  of 

straight chain alcohols, it in creases with increasing chain length and  d ec rea se s  if 

the aliphatic chain is branched. This leads to the suggestion that the driving force 

behind the transport of solute to the interface is what Addison calls the "free 

energy of the  surface", (y, • Yeq)* w here 7 , is the  surface tension a t time t, and 

Yeq is the equilibrium surface tension, and he considered  that migration is at 

least the m ajor (if not the only) factor determ ining surface tension ch an g es over 

the experim ental range of surface ag es. Table I lists Addison's m ean migrational



velocity for short-chain  a lcoho ls5 , w here t is the time for estab lishm ent of 

equilibrium, d is the thickness of the disc a s  defined above, and v is the m ean 

migrational velocity.

Ward and Tordai64 calculated diffusion coefficients of som e normal alcohols 

using the  experim ental d a ta  of A ddison2 ' 8 . The value ob ta in ed  dev ia ted  

considerably from those  generally accep ted , hence they also considered  that 

diffusion is not the rate-determ ining p rocess, and a activation barrier exists.

Som e investigators, in the other hand, considered that the d iscrepancies of 

the apparen t diffusion coefficients for those alcohols from the nomal values of 

bulk p h a se  diffusion w ere due to the experim ental p rocedure  developed  by 

Addison (oscillating jet m ethod). S utherland15, using the oscillating jet method, 

and  A lexander a n d  P o s n e r70 , using surface potential m easurm ent, failed to 

reproduce Addison's data  for dynamic surface tension of aqueous solution of som e 

aliphatic alcoho ls. Defey and  H om m elen6 5 , using their own dynam ic and  

equilibrium surface tension data , calculated the diffusion coefficients for som e 

aliphatic alcohols and acids by use of the Ward and Tordai equation. The values of 

the apparen t diffusion coefficient (see  Table III ) are very close to the normal 

value for bulk p h ase  diffusion (5 x 10‘6 cm2/s). H ence, Defey an d  Hommelen 

su g g ested  that the mono alcohols and  mono acids listed in Table III follow a 

m echanism  of adsorption governed mostly by diffusion.
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Table m

Diffusion Coefficients from Defay and Hommelen's Work65

Compound t, sec . C x 106 T ^ x l O 10 D x 106

mole/ cm3 mole/ cm2 cm2/s

n- hexyl alcohol 10'2 3.44 3.6 5.7

n- heptyl alcohol 10'2 3.44 4.9 5.2

n- heptyl alcohol 10'2 2.43 3.8 5.3

n-octyl alcohol 10-2 3.44 5.8 4.9

Methylhexyl carbinol 10‘2 1.96 4.7 7.0

2-Ethyl hexanol 10*2 2.10 4.2 5.6

n-decyl alcohol 60 0.076 4.9 1.7

n-decyl alcohol 60 0.114 5.7 2.7

Capric acid 60 0.076 4.9 4.5

Capric acid 60 0.114 5.7 4.2
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(5) Diffusion-Kinetic Model

Several workers have examined the problem of mixed adsorption kinetics of 

surfactant solutions w here both transfer from the sub-surface to the surface and 

diffusion from the bulk p h ase  to the sub-surface operate. For example, Kimizuka 

et al.71 suggested  an  approach wherein the surfactant adsorption is assum ed to be 

determ ined  by its concentration gradient a s  well a s  by the gradient of the 

potential field at the interface. This approach , though fundam entally  more 

correct, adm its random  selection of the gradient of potential and  hence has 

limited usefu lness a s  a  model. In most ca se s , the transfer from the sub-surface 

to the surface is described by a  kinetic expression72*81. This model is called a 

'd iffusion-k inetic  model* a s  su g g e s te d  by Miller and  K re tzschm ar7 7 , or 

'barrier-lim ited* or 'adsorp tion-lim ited  m echanism ’ u sed  by H an sen 73 a n d  

Tsonopoulos et a l 74. Despite several attem pts, there is no single treatment of the 

problem which ach ieves a  general numerical schem e for solving the non-linear 

se t of eq u a tio n s  for a g en era l isotherm  without making any simplifying 

assum ptions.

For the mixed adsorption kinetics, the therm odynam ic relation betw een 

adsorption and sub-surface concentration is replaced by a  kinetic one. The most 

simple situation is to assu m e that equilibrium betw een the sub-surface and bulk 

is estab lished  and the transfer of surfactant from the sub-surface to the surface 

is the rate-controlling step . Jo o s  et a l.80 derived equation 1-13 for this case , 

based  on the Frumkin equation and the Langmuir equation for adsorption kinetics.
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A - n 0 '
*

n  ■ 'RT r max in ■1 - 1- exp ( ) ( 1 - e k t )

. ' RT t
[I - 131

w here n 0 is the  surface p ressu re  at equilibrium, r max is the sa tu ra ted  surface

ex c ess  concentration, k is an adjustable param eter 

C + kg

k -  ___________  [ 1 - 1 4 ]

r max

w here C is the bulk p h ase  concentration, k1 the rate constan t for adsorption (cm 

/ s), k2 the ra te  constan t for desorption ( mole / cm 2 , s). T he p aram eter k 

d ep e n d s  on the  concentration of the surfactant. Fitting the dynam ic surface 

tension data into equation 1-13 for a  set of concentrations, one obtains the values 

of k, changing with C. Plotting k vs. C the adsorption and  desorption rate 

c o n s tan ts , k1 a n d  k2 a re  obtained. The ratio k2/ k1 should b e  equal to the 

Langmuir constant a.

B leys et a l.81 d e f in e d  a  c h a r a c te r i s t ic  tim e , for p u re

transfer-con tro lled  adsorp tion  

Tmax

t k - k ' 1- ___________  [1*151
k2 ( 1 + C/a)

For a  diffusion-controlled adsorption the characteristic time Tq82 is 

1 f e n ?

Td -
dC

Assuming a  Langmuir adsorption isotherm, it follows that

[ I - 16J
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T0  -

T•max 2 1

a » D (1 + C /a)4,

[ 1 - 1 7 ]

w here a  is the Langmuir constan t, D is the diffusion coefficient, r max is the 

sa tu ra ted  surface ex cess  concentration. The ratio of th e se  two characteristic 

tim es is

Jmax ^2
R - ___  - ________________________________  [ 1 - 1 8 ]

\  a 2 D ( 1 + C /a)3

For a given surfactant, Bleys et. al.81 define this ratio at zero concentration 

Hnax ^2

Ro = __________________________________  [ 1 - 1 9 ]
a2 D

R q te n d s  to b e  la rg e  for d iffusion-controlled  ad so rp tio n  an d  sm all for 

kinetic-controlled adsorption. Table IV lists som e exam ples from reference 81.
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Table IV

Param eters in e Mixed Adsorption Kinetics81

Component k i .c m /s  k2 . mol/cm2.s Rq

1 -octanol . . . — 131

2-octanol 1 0 '1 6.2 x 10 '8 18.7

3-octanol 1 0 '1 6 .9 x 1 0 -8 15.1

4-octanol 9 x 10*2 6.6 x 10'8 12.7

1,2-octanediol 3 x 10'2 5.4 x 10-8 1.2

1,8-octanediol 6 x 10 '3 2.1 x 10-8 8 x10’2

1,11 -undecanediol 3 x 10‘1 2.5 x 1 142

1,12-dodecanediol . . . . . . 1.6 x103

dodecanedioic acid . . . . . . 657

dodecanedioic Na salt 7 x 10‘4 1.8 x 10*8 0.15
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(6) Miscellaneous Ideas

F o rd h a m 83  criticized using equilibrium relationships in the W ard and 

Tordai treatm ent. He considered that it w as this over-simplified m ethod caused  

considerable error in the apparent diffusion coefficient, and that if it had been  

corrected the values of the apparent diffusion coefficients for m ost of the system s 

in the literature may be closer to the diffusion coefficients of the normal bulk 

p h a se  diffusion. H e su g g e s te d  an  equation  b a s e d  on the  therm odynam ic 

condsiderations of free energy, which took care of the effects of the concentration 

gradient in the bulk p h ase  and the progressive surface adsorption. His main idea 

is that "even in sy stem s not in equilibrium the surface tension m ust equal the 

change in the free energy of the system  cau sed  by forming unit a rea  of new 

surface, with its asso c ia ted  surface adsorption and co n seq u en t concentration 

gradients in the bulk solution". Though the final equation w as too com plicated to 

use  and no satisfactory results were obtained by Fordham, his approach suggested  

an  alternative way to view the problem.

Until now we have assum ed  that the orientation of surfactant m olecules at 

the surface d o es not effect dynam ic surface tension. A typical statm ent m ade by 

H ansen and  W allace84 is that "The surface tension depends only on the surface 

e x c e s s  w hether the system  is in equilibrium or not.". Now the question is 

w hether this assunption  is valid. H ansen73 d iscu ssed  two possibilities which 

might c a u se  the spreading p ressu re  in dynam ic system s to differ from that in 

equilibrium system s: (i) If the rate of orientation of adso rbed  m olecules w ere 

markedly slower than the rate of entry and  the surface tension depended  strongly
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on orientation; (ii) the ex is ten ce  of a  diffusional concentration  g radien t in 

dynamic system s.

The surface potential studies of P osner and  Alexander59 indicate that the 

rate of orientation is indeed considerably less than the ra te  of entry, but also 

indicate that surface tension does not change much during the orientation process. 

Further, at sufficiently low surface  con cen tra tio n s the sp read ing  p re ssu re  

should be approximately nRT regard less of orientation. From this consideration, 

H an sen 84 neglected the first possibility. He suggested  a conceptual picture of the 

sp read ing  p ressu re  which took care of the seco n d  possibility: the sp read ing  

p ressu re  m easurm ent sum s the difference in spreading p ressu re  due to a  slab of 

liquid of thickness dx and concentration C (x,t) and a  correponding slab  of liquid 

of bulk concentration C over all x. For the c a s e s  of interest, C (x, t) and  C are 

always small; the spreading pressure due to these slabs should therefore b e  those 

for ideal films. The total spreading p ressure should therfore be

w here n  (n) is the sp read ing  p re ssu re  due to a  su rface  concentration  at 

equilibrium a s  given by the surface equation of sta te , n dyn is the spreading 

p ressu re  at time t. The material balance requires that

w here n (t) is the  su rface  e x c ess  at time t. Substituting equation 1-21 to 

equation 1-20, H ansen obtained

0
[1- 2 0 ]

co

I 1 - 2 1 ]
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n dyn -  n  (n) - nRT, 

n  (n) can be  expanded in virial form

II (n) -  nRT + a 2 n2 + a3 n3 + .... 

and therefore

n dyn -  a 2 n2 + a 3 n3 + .... [ 1 - 2 4 ]

[1- 221

[1 -2 3 1

w here n is the surface concentration a t time t. Equation 1-24 show s that the 

effect of the concentration gradient h as  been  to cancel the leading term in n  (n). 

If n varies a s  C t1/2 for short time, a s  required by diffusion theory, n dyn will 

vary a s  C2 t at short time, a s  observed by H ansen and W allace8 4 . Equation 1-22 

may overestim ate the difference of the spreading p ressu res  betw een dynamic and 

equilibrium c a se s , nevertheless it qualitatively elucidates the effect d u e  to the 

concentration gradient.

(7) Phenom enological S tudies

Burcik's work

Burcik85 ' 88 in the1950s published a  serie s  of pap ers  on the dynam ic 

surface tension of surfactants. He simply m easu red  the surface tension versus 

tim e a t various conditions, concentration, tem p era tu re , ad d ed  salt, organic 

additives, pH, over a time range of about 0.003 to 0.03 second  by u se  of the 

oscitating  jet m ethod. The com pounds Burcik investigated w ere sodium laurate, 

sodium  dodecyl su lfate , sodium  o lea te , sodium  m yristate, dodecylpyridium  

chloride, and Tween 20 (commercial polyoxyethylene sorbitan m onolaurate).

B urcik's m ain re su lts  w ere  (i) T he addition  of 1 -do d ecan o l or
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dodecanoic acid decreased  the rate of surface tension lowering of aqueous solutions 

of sodium dodecyl sulfate; however, adding d ecan e  to the surfactant solution had 

no effect on the ra te  of su rface  tension  lowering, (ii) S u rfac tan ts  w hose 

surface-active com ponen ts a re  charged  show  an in c rease  in ra te  of su rface  

tension lowering on the addition of electrolyte, the effectiveness in creases  with 

the charge of the added  counterion, but the nature of the added  similion is of little 

consequence ; surfactants w hose surface-active com ponents a re  uncharged have 

ra te s  of su rface  tension lowering that a re  not influenced by th e  addition of 

elec tro ly tes; (iii) T he ra te  of su rface  ten sio n  lowering for 0 .0 1 5  N sodium  

laurate solution increases with increase in tem perature over the range 9.2 °C  to 

29.4 °C ; (iv) T here is no pH effect on the ra te  of su rface  tension  lowering of 

0.005 N sodium  dodecyl sulfate, which is not readily susceptib le  to hydrolysis; 

for 0.005 N sodium m yristate an  increase in pH over the range of 8.3 to 10.0 

(pH w as changed  by the addition of sodium hydroxide or myristic acid) resulted 

in an  increase  in the rate of surface tension lowering; for 0.01 N dodecylam ine 

hydrochloride an  increase  in pH by the addition of dodecylam ine resu lted  in a  

d ec rea se  in the rate of lowering, and addition of hydrochloric acid increased  the 

ra te .

Netzel et. al and  Austin et al.'s Work

N e tz e l89 investigated  the dynam ic su rface  tension  for Triton X-100 

(com m ercial polyoxyethylenated t-octylphenol with 9-10 m oles of e thy lene 

oxide) by the oscillating jet m ethod, and  su g g ested  a  "first-order ra te equation"
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(equation 1-25) to fit their dynamic surface tension data .

•°0 ( Yf Yeq ) -  too ( Yo - Teq) ' kt 11-25)

w here yt . Yo • and Yeq are  ,he surface tension at time t, the surface tension of 

pure solution, and  the equilibrium surface tension, respectively, k is a  rate 

constant and t is time in second.

Austin et al.23 investigated the dynam ic surface tension of Manoxol OT 

(containing 98.8 % Na salt of 2(ethylhexyl) sulfosuccinate and about 0.2 % 

sodium sulfate) by the maximum bubble p ressu re  m ethod over the time range of

0.01 to 0.2 second, and also  used  equation 1-25 fitted to the initial part of their 

dynam ic surface tension - time curve. They found that the value of k gave a 

straight line when plotted against bulk phase  concentration.

Work on Sodium Dodecvl Sulfate Solutions

M y se ls90 m easu red  the surface tension of sodium  dodecyl sulfate 

solutions as a  function of time at different s tag e  of purification. He reported that 

the relatively rapid adsorption of surfactant is accom panied by the relatively 

slow adsorption of tra c e s  highly su rface-active im purities which affect the 

results, especialy at long times. He suggested  to use  dynamic surface tension a s  a 

working criterion of surface purity for surface tension m easurem ents.

Mysels com pared his result with the work91 of Adison and  Hutchinson, 

published in 1948. They reported the "static'' and  "disturbed" surface tensions of 

sodium dodecyl sulfate solutions. Their "static" m easurem ents were m ade with a 

Wilhelmy plate , w h e reas  the su rface  tension  of "disturbed" su rfaces  w as
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m easured  by the drop volume method with the drops formed at several constant 

flow rates, which correspond to approximate surface ag e s  of 25 s , 6 min, and 12 

min. Addison and Hutchinson found that with increasing flow ra te the surface 

tension increases and there w as an  apparen t increase in the CMC, w here they 

designated  the intersection of two linear portions of the dynam ic surface tension 

versus log C curve above and  below it a s  CMC. The surface tension d a ta  at 25 

seconds w ere close to the surface tension d a ta  m easured  by M ysels with highly 

purified sam ple over the range of surface age 30 s  to 1000 s.

Woolfrey et. al.92 reported the plots of dynam ic surface tension versus 

log of surfactant molar concentration for sodium dodecyl sulfate solutions in the 

ab sen ce  and  p resence of 0.5 M sodium chloride at surface ag e s  0.3 s, 0.5 s , and 

10 s, using a  S en sad y n e  5000 Bubble T ensiom eter (Chem  Dyne R esearch  

Corporation, W isconsin) b a se d  on the principle of maximum bubble p ressu re . 

They found that the CMCs in the dynamic ca se s , a s  designated  by the intersection 

of two linear portions of the dynam ic surface tension versus log C curve above 

and below it, for the salt-free surfactant w as betw een 8.67 and  8.88 mM, within 

4 % of the equilibrium value in the literature, w hereas, the CMC values in the 

dynam ic c a s e s  for the system  with salt were betw een 0.95 and  1.99 mM, and at 

least 45%  grea ter than the equilibrium value in the literature.

Dynamic Surface  Tension and Perform ance

B u rc ik 87 m e a su re d  the ra te  of a tta in m en t of su rfa ce  tension  

equilibrium for detergent system s under varying conditions and com pared th ese
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rates with results of detergency studies on an oily soil. Table V lists his results. 

Such a  close relationship betw een detergency and ra te s  of adsorption at the 

air-water interface is surprising. It is possible that b ecau se  only oily soil w as 

used, the important process is an alteration of the contact angle, and since contact 

angle depends on surface and interfacial tension, a  high rate of adsorption might 

m ean a  rapid d ec rea se  in contact angle, and consquently good detergent action. 

However, in genera l w e can  hardly expect a  correlation betw een  ra te  of 

adsorption at the air-w ater interface and the com plex p ro cess of detergency  

involving the removal and suspension of particulate and oily soil.

Petrova et a l.93 tried to relate the washing action on a  g lass surface, 

soiled by a  standard  procedure, with the dynam ic surface tension, m easured  by 

the maximum bubble p ressure  method. The com pounds which they investigated 

w ere com m ercial su lfosuccinates of nonylphenolpolyglycolether with 4, 8 , and 

10 oxyethylene units and laurylether sulfate. They tried to find a correlation 

betw een the total washing time, t* . and the surface tension at the concentrations 

at which the w ashing experim ents w ere carried out. No correlation existed with 

the equilibrium value, w hereas tw w as found to increase with increase in the 

dynamic surface tension. They also found system atic variations both of tw and of 

the maximum slope, -dyt / dlog C, with the num ber of oxyethylene groups. Again, 

no correlation w as found betw een tw and the maximum slope of the equilibrium 

curves. Their conclusion is that washing ability is determ ined by the dynamic, 

rather than by the equilibrium surface tension.

E a rn s h a w 94 related the ra te of adsorption to the wetting-out time of
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pieces of fabric. He used the surface potential method to study ra tes of adsorption 

for a  series of surfactants at several concentrations and empolyed a  novel method 

of m easuring wetting time. He reported that the surfactant with higher rate of 

adsorption h as shorter time of half wetting, and there is a  definite correlation 

betw een the rate of adsorption and the wetting time.



3 1

Table V

The Relationship Between the Effect on Detergency and The 

Rate of y  Equilibrium Attainment87

Variations in Detergent System Effect on Detergency Effect on Rate of 

Attaining y  equ.

1. Increasing temp.

2. Increase in conc.

3. Increase in pH with non-hydro- 

lysable surfactant

4. Increase in pH with surfactant 

that is a  salt of strong b ase  and 

weak a d d

5. Addition of electrolyte to an ionic 

detergent

6 . Increasing valence of cation of 

electrolyte with anionic detergents

7. Increasing anionic valence of 

electrolyte with anionic detergents

Increases 

Increases 

No effect

Increases for low 

electrolyte concen. 

Increases

Increases 

Increases 

No effect

Increases for m oderate Increases 

increase in pH

Increases

Increases

No effect, or increases No effect
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(8 ) Surface Oilational Modulus

As long ago a s  1878 Gibbs gave an  explanation for the fact that liquid soap

films behave as elastic m em branes, w hereas pure liquids do not. He assum ed  that

a s  a  resu lt of adsorption on the su rfaces, the solution b eco m es dep le ted  in

surface-active solute, and therefore the surface tension increases with extension

of the lamella. The modulus of elasticity, E, of a  lamella is defined by 

dy

E -  2A ____

dA [ 1 - 2 5 ]

where y  is the surface tension of the lamella at an area A. The nam es suggested  for 

E a s  defined in Equation 1-25 include 'G ib b s elasticity,* 'a r e a l  e lastic ity ,’ 

"com pressional modulus," and  "film elasticity" °5 -io o  arKj have b een  usecj jn 

c a se s  w here E is a  pure elasticity. The term "surface dilational m odulus’ h as  

been u sed  for the more general c a se  where surface behavior h as  both an elastic 

and v iscous com ponen t100' 101. The modulus E is a  m easure  of the resistance 

against the  creation of surface tension gradients, and of the ra te  a t which such 

gradients d isappear once the system  is again left itself.

T he Gibbs elasticity forces can  be induced only in thin liquid lamella. The 

th ickness of such lam ella m ust be so  small that the am ount of surface active 

m olecules in its bulk is not high enough to restore equilibrium coverage after 

deform ations. M oreover, the frequency of film deform ation m ust be  lower than 

the frequency of the diffusional exchange betw een the  bulk and surface of the
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locally deform ed film elem ent.

On the other hand, the Marangoni elasticity102, £ , is defined as

dy
e -  ______

dlnA [1 -2  6 )

w here dlnA d en o te s  the relative su rface  a rea  ch a n g e  and dy  d e n o te s  the 

corresponding surface tension change. Values of the M arangoni elasticity are 

dynamic, non-equilibrium values. M arangoni elasticity forces can be induced not 

only in liquid lem ella but also  in surface layers of semi-infinitive solutions. The 

value of the Marangoni elasticity depends on the frequency of deformation and for 

sufficiently high frequencies each  surface layer can  beh av e  a s  an insoluble 

m onolayer.

T here are several m ethods for investigating surface rheology: (i) Surface 

W a v e s 103. For small deform ations, the elasticity m odulus defined in Equation 

1-26 is commonly determ ined by subjecting the surface to oscillations from a 

barrier moving either parallel or norm al to the su rface , or from a therm al 

origin, (ii) S teady-sta te  experim ents103. The surface of a  surfactant solution is 

extended by m eans of two m ovable barriers on a trough. The barriers are  kept 

moving ap a rt a t such  velocity that the relative ra te  of su rface  expansion  

(dlnA/dt) is constan t. W hen a  steady  sta te  is reached , in which the m easured  

value of dynamic surface tension no longer changes with time, the value of A y and 

A A/A can  be used to obtain |e |. The increase in surface tension is m easured  by 

m ean s of a Wilhelmy plate located  betw een the two barriers w here no liquid
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motion occurs, (ii) Pulsating Bubble M ethod104*106. The m ethod is b ased  on the 

following principle. A bubble of definite size is formed at the tip of a  sm all 

cap illa ry , d ip p ed  into a liquid. T he b u b b le  is fo rced  by a  sp ec ia l 

electrom echanical system  to radical harm onic pu lsations of definite am plitude. 

The force n ececessa ry  for obtaining the required pulsations is m easu red  a s  a 

function of pulsation frequency and concentration of solution. The m agnitude of 

this force d ep e n d s  on the elasticity force arising on the bubble su rface.T he 

M arangoni surface elasticity modulus is calculated from th ese  m esurem ents.

The 'trough  tech n iq u es ' a s  d esc ribed  in (i) and  (ii) have a  num ber of 

d isadvan tages, a s  Clint107 h as  pointed out: (a) M easurem ents are reliable only at 

fairly low frequencies, w here the w avelength of the longitudinal w aves is long 

com pared  with the distance betw een oscillating barrier and  Wilhelmy plate, (b) 

Good results depend  on the rapid response of the Wilhelmy plate and m aintenance 

of a  well defined contact angle, (c) The m ethod u se s  a  large am ount of test 

m aterial. C onsequently , som e investigators107*108 have m ade som e preliminary 

stud ies of the relationship betw een the dilational m odulus and the formation of a 

bubble or an  oil drop in a  surfactant solution.
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Chapter II: Experimental

A. Materials

The polyoxyethylenated n-dodecyl alcohols with hom ogeneous head  group 

(C 12E 0 4 , C 12E 0 7 , C 12E 0 8 ) were purchased  from Nikko Chem ical Co., Tokyo, 

Jap an  a s  com pounds of >98% purity a s  indicated by g a s  chrom atography. The 

polyoxyethylenated  n-dodecyl alcohol with ho m o g en eo u s h ead  group of 10 

oxyethylene units (C^2EO10), the structure of which w as quantitatively proved 

by NMR, w as a  research  sam ple, kindly given by C hem ische W erke Huls Co., 

G erm any. The sodium  sa lts  of sulfated  polyoxyethylenated n-dodecyl alcohols 

( C i 2 EO SN a an d  C i 2 E 0 2SN a), w here the oxyethylene units a re  1 an d  2 , 

respectively, w ere synthesized  and  purified in our laboratory109 (The purity of 

C i 2EO SN a a n d C 12E 0 2SN a w as 99.2  and  99.0% , respectively.). The sodium 

d ecan esu lfo n a te  (C ^ S N a ) , sodium  dodecanesu lfonate  (C 12SN a), and  sodium 

dodecyl sulfate (C12S 0 4Na) of >98% purity w ere purchased  from R esearch Plus, 

B ayonne, NJ. T he N-decyl-N-benzyl-N-m ethylglycine (C 10BMG), N-dodecyl 

-N -b e n z y -N -m e th y lg ly c in e  (C 1 2 BMG) a n d  N -te tra d e c y l-N -b e n z y l-N - 

m ethyiglyclne (C ^B M G ) of >99.0% purity w ere syn thesized  in our laboratory 

an d  purified  by th e  m e th o d 1 10 p rev io u sly  d e s c r ib e d . T h e  N -alkyl-2- 

pyrrolkJones, N-octyl(C8 PY), N-decyl (C 10PY) and  N-dodecyl (C 12PY), w ere 

research  sam ples of >99.0%, supplied by GAF Chem icals Corporation. The sodium 

di-(2 -ethylhexyl) su lfosuccinate (DESS) w as supplied  by A m erican Cyanam id 

a s  Aerosol OT-100, purified by the p rocedure111' 112 previously described .



3 6

Before being used  for surface tension m easurem ents, aqueous solutions of 

the above surfactants (in water that had b een  first deionized and  then distilled 

twice, the last tim e from alkaline p erm an g an a te  solution through 3-ft-high 

Vigreaux column with quartz condenser and  receiver) w ere further purified by 

p a r s a g e  four tim es through m inicolum ns of octadecylsilan ized  silica gel to 

remove any traces of impurities more surface active than the parent compound.

The concentration of ionic surfactant in the effluent from th ese  colum ns was 

d e te rm in e d  by tw o -p h a se  ti tra t io n 113-114 with H yam ine 1622 ; the  

concentration of the polyoxyethylenated n-dodecyl alcohols w as determ ined by 

surface tension v ersu s  log C curve previously published115 and by tw o-phase 

titra tio n 116; the concentration  of N -alkyl-2-pyrroltdones117 and  zwitterionics 

118 w as determ ined by UV spectral analysis (CiqBM G: 6208 ■ 822°* e 263 “ 

366; C 12BMG: 6208  “ 7580, £263 ■ C 1 4 BMG: £208  “  ®020).

Sodium  chloride u sed  to in crease  the  ionic s treng th  of solutions w as 

analytical grade material, which w as then baked  for several hours in a  porcelain 

cassero le  at red heat to remove traces of organic com pounds.

The m aterials u sed  in the wetting te s t w ere m ostly com m ercial. The 

t-octylphenol oxyethylenated with 7, 9, and 12.5 m oles of ethylene oxide, and 

t-nonyl-phenol oxyethylenated with 9 and 12.5 m oles of ethylene oxide, were 

supplied by the GAF Chem icals Corporation a s  Igepal CA-620, CA-630, CA-720, 

C O -630, an d  CQ -720, respectively . C 12.14  alcohol oxyethy lenated  with 9 

m oles of ethylene oxide and the sodium salt of sulfated oxyethylenated C 12-14 

alcohol with 2 m oles of ethylene oxide were supplied by Henkel KGaA Corporation
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a s  Dehydol 100 and Texapon N25, respectively, courtesy of Dr. M. J. Schwuger. 

The linear alkyl b enzene sulfonate (C-550 LAS) and  the sodium secondary C 12 

and C 14 alkanesulfonates w ere supplied by Vista Chem icals, courtesy  of Dr. 

M ichael Cox. The zwitterionic, N-"coco* alkyl beta ine  (M irataine CDMB) was 

supplied  by the Miranol Chem ical C om pany. Two sodium  sa lts  of sulfated 

oxyethylenated branched C ie  alcohols with 5 oxyethylene units were supplied by 

the Exxon R esea rch  an d  Engineering. T hree  polyoxyethylenated  dodecyl 

m ercaptans w ere supplied by Alcolac Corporation a s  Siponic 260, Siponic SK, 

and Siponic 218, respectively. Two methoxy term inated ethenoxylated silicones 

(L7600 and L7607) w ere supplied by Union C arbide Corporation.

B. Maximum Bubble Pressure Method

The maximum bubble p re ssu re  ap p a ra tu s  (Figure 1a) co n sis ts  of a g a s  

feeding system  and a pressure and bubble rate m easuring system . The g a s  feeding 

system  consists of a p ressu re  regulator, a  capillary, and a  flow control m eter 

with filter to further purify the gas. The g a s  u sed  is nitrogen. The p ressu re  

variation in the capillary during bubble formation is m onitored by a  p ressu re  

transducer. The output from the p ressu re  transducer is fed into an IBM personal 

com puter. With "Notebook" softw are, both bubble frequency and  maximum 

bubble p ressu re  a re  m easured . The bubble break time (so called "dead time") 

can also be estim ated. Figure 1 b show s a graph of the com puter output, with the 

x-axis being time in ceconds and the y-axis the voltage, V. The digital output of 

the com puter also  shows the time and  voltage from which the maximum voltage,
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bubble frequency, and dead  time are obtained.

In principle, a s  g a s  flows through a  capillary tube im m ersed at a depth, h, 

under the surface of a  liquid, the radius of the liquid / g a s  interface formed at 

the tip of the capillary is related to the g as  pressure by the Laplace equation. The 

p ressu re  reach es a  maximum, Pmax, when the radius of the bubble reach es the 

radius of the capillary.

A ^m ax ■ ^max * Po * ^ Y / r + pgh [I I  - 1 ]

w here P0 is the atm ospheric p ressu re , 7  the surface tension, r the radius of the 

capillary, p the density of the liquid, and g the acceleration of gravity.

In the p resen t work, the voltage from the output of the transducer linearly 

ch an g es with the p ressu re  difference betw een the capillary and the atm ospheric 

p ressu re  (Figure 2), denoted  a s  AP. The calibration coefficients from voltage to 

surface tension dep en d  on transducer constan t and the effective radius of the 

capillary. H ence, instead  of the theoretical equation II-1 , an empirical equation 

w as u sed  to calculate the surface tension from the voltage of the com puter output. 

To obtain the calibration equation, we m ade several capillaries of d'fferent radius 

by pulling out g lass  tubing. For each  capillary we used several pure com pounds of 

known surface  tension . Figure 3 show s the  calibration lines for 4 capillaries 

with different radii, and Table VI lists the d a ta  for the com pounds used  in the 

calibration. The slope for the plot of voltage vs. surface tension d ep en d s on the 

capillary radius. All of the lines show  a com m on intercept of -0.021 v t  0.003, 

which w as u sed  a s  the instrumental zero correction factor. The general form of 

the calibration equation is:
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Y -  K (voltage)* 0.021 K I I I - 2 )

The v a lu es  of K are  32.3, 49 .9 , 8 6 .8 , 113.5 for capillaries with the rad ius

0.0875 mm, 0.135 mm, 0.238 mm, 0.318 mm, respectively. The factor K for a 

given capillary was checked each  day by m easuring the response of pure water.

The radius of the capillary w as determ ined in two ways: (i) by m icroscope, 

(ii) by m easuring the re sp o n se  of the transducer for a  certain capillary in pure 

water, and  then using the Laplace equation to calculate the radius of the capillary 

(see  Appendix 2). The m easu red  results by the two different m ethods w ere in 

agreem ent each other.

The voltage ch an g e  cau sed  by the immersion of the capillary under the 

surface of the liquid w as m easured  with a  small ruler, which could be read  to 

0.05 cm, and the reading converted to voltage by the following equation:

(the depth of immersion in cm)

___________________________  x 0.33 (voltage/inch)

2.54 (cm/inch) [II-3]

T he correction  for im m ersion is sm all. For exam ple , w hen the  dep th  of 

im m ersion is 0.4 cm , the  corresponding  voltage is 0 .052 v. Usually, th ree  

m easurem ents were m ade, and the average value w as subtracted  from the total 

com puter output.
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Table VI 

Data for Calibration Curves

T3 voltage

Compound mN/m Cap. 1 Cap. 2 Cap. 3 Cap. 4

(0.088 mm) (0.135 mm) (0.238 mm) (0.318 mm)

Water 72.0 2.202 1.425 0.809 0.613

Nitrobenzene 43.9 1.339 0.855 0.486 0.367

1.326 0.867

Acetonitrile 29.3 0.879 0.563

Benzene 28.85 0.867 0.573

0.865 0.560

1 -Octanol 27.53 0.820 0.530

Acetone 23.70 0.704 0.452

Methyl alcohol 22.61 0.678 0.442 0.240 0.178

0.670 0.433

a  Literature value at 20°C except water at 25°C.
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We used  water a s  a  test sam ple to check the output of signal with change in 

bubble frequency. Table VII lists the d a ta  for two different capillaries. Variation 

of bubble frequency over more than two orders of magnitude showed that voltage 

w as independen t of bubble frequency, particularly w hen the rad ius of the 

capillary w as small (< 1% variation for a  capillary of 0.135 mm).

Reproducibility of the dynam ic su rface  tension d a ta  w as checked  by 

m easuring the sam e com pound, at the sam e concentration, on different days. 

Figure 4 (a) show s the  dynam ic surface tension vs. log t of DESS in aqueous 

solution (5.844 x 10 4 m ole/dm3), m easu red  at th ree  days. The reproducibility 

is about 1%. Figure 4 (b) show s the plots of dynamic surface tension vs. log t of 

C ^ S N a  in aq u eo u s  solutions (3.012 x 10*3 m ole/dm 3 and 6.024 x 10*3 

m o le /d m 3 ). The reproducibility is abou t 0.5% for duplicate m easu rem en ts at 

both concentrations. Figure 4 (c ) shows the dynamic surface tension of C 14BMG 

in a q u e o u s  solution (pH •  9 .3) at 6 .85  x 10 5 m ole/dm 3 c o n c e n t r a t io n ,  

m easu red  by two cap illa rie s  with th e  rad ius 0.24 mm an d  0 .32  mm, 

respectively. The data  points from two se ts  of m easurem ents can  be fitted on sam e 

cu rve .

The dynam ic surface tension d a ta , m easu red  by the  maximum bubble 

p ressure  m ethod, w ere also checked  against equilibrium d a ta  obtained by u se  of 

the Wilhelmy plate m ethod. For very dilute surfactant solutions, a t short times, 

the surface tension should approach  that of the solvent. Figure 5 show s this 

co n v erg en ce  of dynam ic su rface  tension  values to  that of the solvent for 5
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system s included C 12E 04  in w ater (1.94 x 10' 5 m ole/dm 3), C 12E 04  in water 

(3.24 x 10' 5 m ole/dm 3), C i2 PY in water (9.59 x 10‘5 m ole/dm 3), C ^ E O S N a  

in 0.5 N NaCI (5.99 x10‘5 mole/dm 3 ), and C ^ E C ^ S N a  in 0.5 N NaCI (4.11 x 

1 0 ' 5 m ole/dm 3 ). The surface tension for solutions in pure w ater at 25 °C  

m easured  by the Wilhelmy plate method is 72.0 mN/m, and for solutions in 0.5 

N NaCI is 72.9 mN/m.
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Table VII

The Effect of Bubble Frequency on the Output3

Capillary Radius Bubble Frequency Voltage

mm C flp '19 v v
V

0.135 10.0 1.4436

6.7 1.4414

5.0 1.4388

4.0 1.4355

3.3 1.4452

< 0 .23 1.4355

0.312 3.6 0.6299

2.4 0.6251

1.8 0.6202

1.1 0.6180

0.09 0.6153

0.025 0.6153

3 Water was used as tasting sample.
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On the other hand, for more concentrated solutions of low m olecular weight 

m aterials (that diffuse rapidly to the surface), the dynam ic values m easured  by 

the maximum bubble p ressu re  m ethod should approach the equilibrium values 

m easured  by the Wilhelmy plate technique. Figure 6  (a) show s the plots of Yt vs .  

log t for the aq ueous solution of CsPY (6.53 x 10' 3 m ole/dm 3), and  the 0.1N 

NaCI solutions of C io S N a  (6.35 x 10' 3 mole/dm 3 and 1.60 x 10‘2 m ole/dm3 ). 

The concentrations in Figure 6 (a) are below their cm cs except for CqPY, which 

is a t the limit of its solubility. Figure 6 (b) show s the plots of Yt v s - ,09 1 ,or 4 

system s included DESS in 0.1 N NaCI (1.15 x 10' 2 m ole/dm 3 ), C 12BMG in 

aqueous solution of pH -  9 (3.23 x 10' 3 m ole/dm3 ), C ^ S C ^ N a  in w ater (5.06 

x 10' 2 m ole/dm3), and  C i2E 0 2SNa in 0.5 N NaCI (9.00 x 1 0 3 mole/dm 3). The 

concentrations in Figure 6 (b) a re  all above their cm cs. T he equilibrium surface 

tensions, m easured  by the Wilhelmy plate method, are show n in the paren theses, 

following the corresponing curves. The close agreem ent betw een the two m ethods 

a ttes ts  to the reliability of our dynamic data.

In calculatiing surface ag e  from the bubble interval, the "dead time* must 

b e  considered. There are  two periods in the p rocess of bubble separation: (i) the 

time in which the surfactant is adsorbed  on the  surface and  the radius of the 

bubble varies accordingly. This first period is finished w hen p re ssu re  becom es 

infinitesimally larger than  2y/R- In that instant the  p re ssu re  in th e  capillary 

becom es unbalanced  and  the bubble sta rts  to grow very fast; (ii) the time in 

which the bubble grow s rapidly and thereupon sep a ra te s  from the capillary. The 

second period is called ’dead  time*. For evaluation of the surface ag e  the dead  time



4 5

must be  subtracted from the interval m easured betw een two subsequen t bubbles. 

Austin23 suggested  a  relation for very short intervals:

"dead time" in milli second -  31.9 - 0.0042 S [ H I - 4 ]

w here S is the num ber of bubbles per minute. In the p resen t work, the "dead 

time’ can be read  directly from the digital com puter output. Table VIII lists two 

exam ples of d ata  for "dead time". Generally speaking, it changes slightly with the 

radius of the capillary.

C. Equilibrium Surface Tension M easurem ents

Equilibrium surface tension m easurem ents w ere m ade by the Wilhelmy 

vertical plate technique, using a  san d b lasted  platinium b lade of ca . 5-cm 

perim eter. The instrum ent w as ca lib rated  ag a in st q u artz -co n d en sed  w ater 

(specific  conductivity  1.1 x 1 0 '6 mho cm *1 a t 25 °C ) e a c h  day that 

m easurem ent w as m ade. S e ts  of m easurem ents w ere taken at 15-min. intervals 

until no significant change occured.
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Table vm  
Surface Age and "Dead Time*8

Bubble Interval, second Dead Time, second Surface Age, second

60.20 0.50 59.70

24.75 0.50 24.25

11.75 0.50 11.25

8.90 0.50 8.40

4.00 0.15 3.85

2.14 0.10 2.04

1.80 0.075 1.725

0.771 0.075 0.696

0.327 0.050 0.277

0.217 0.050 0.167

0.126 0.050 0.076

0.093 0.040 0.053

0.075 0.040 0.035

8 The capillary with 0.238 mm radius was used in this example. Generally speaking, 
’dead time* changes slightly with capillary radius.
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D. Draves-Clarkson Skein Wetting Test

The D raves-C larkson sinking te s t110 w as used  in this work. S tandard  

cotton skeins of gray, unboiled, 2-ply yard, folded to form 13 inch loops, each 

skein weighing 5.00 g w ere p u rchased  from Testfabrics, Inc., M iddlesex, NJ. 

Wetting tim es were done in triplicate. Wetting-out times (WOT) w ere m easured 

on the cotton skeins that w ere w eighted with a  3g s ta in less s teel hook. Test 

solutions w ere prepared from deionized, distilled w ater. All m easurem ents were 

m ade at room tem perature (27.5 ± 2 .5°C ).
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Chapter III: Mathodology

The study of dynamic surface tension adds another variable, time, to the two 

variables, surface tension and surfactant concentration, that a re  usually studied 

under equilibrium conditions. As a  result, there a re  different w ays of presenting 

the d a ta  in sim ple (2-dimensk>nal) form. For exam ple, we can  hold surfactant 

concentration constan t and plot surface tension a s  a  function of time or w e can 

hold the time constan t and  plot surface tension a s  a  function of surfactant 

concentration in the aqueous p hase  (for example, at surface ag e  -  1 second).

A. Analysis of a  generalized surface tension vs. too time curve

In our published w ork112, w e divided a  typical curve of the ch an g e  in 

dynam ic surface tension with time into four regions - region I: induction region; 

region II: rapid fall region; region III: m eso-equilibrium  region; region IV: 

equilibrium region (Figure 7 ). It should b e  apparen t that the surface tension 

value  a t tim e, t, ra ther the  equilibrium  v alu e , is an  im portant factor in 

determ ining the surface energy requirem ent in dynam ic surface p ro cesses . For 

exam ple, in a  p rocess w here the surface area  is being increased by a  value, aA, 

in a  short period of time, t, the minimum work required to achieve that surface 

a rea  expansion is the product of the surface tension at time, t, and the interfacial 

a re a  increase . T he first th ree  reg ions are  im portant in high sp ee d  dynam ic 

p ro cesses . As a  result, in the p resen t work, w e d iscuss only regions I - III. We 

also  define tj a s  the time at the end  of induction region, tm a s  the time a t the 

beginning of meso-equilibrium, and  t* a s  the time for the surface p ressu re  n
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(■ Yo ~ Yt- w here Yois ,he surface tension of pure solvent and Yt th e  su rface

tension at time, t), to reach one-half its value at meso-equilibrium.

The dynamic surface tension data  for the first three regions fit the equation

Yo -  Ym

Yt -  Y m - ____________
1 + (t/t*)n I I I I - 1 ]

w h ere  Y m is the meso-equilibrium surface tension and t* and n a re  constan ts, 

with t* having the d im ensions of time in the sam e  units a s  t, and  n being 

d im en sio n le ss . Eq. I I 1-1 is in a form similar to the Fourier transform  of a 

correlation function, often used  in relaxation theory 120. This equation can  also 

be put in form

(Yo " Y t ) / ( Yt -  Y m ) -  ( t / t * ) n - [ I I 1-2)

Since ( Yo -  Ym) is the depression  of the surface tension (or the surface 

p re ssu re , n m ) at meso-equilibrium, ( Yo ~ Y t ) 1 ( Yt -  Y m )  i s  the  ratio of 

the depression  of the surface tensdion at time t (or surface p ressu re  at time t, 

n t ), to that rem aining before m eso-equilibrium  is re ach ed  (F igure 8 ). We 

consider region I (the induction region) to end when the ratiio ( Yo ~ Yt ) /  ( Yt ~ 

Ym) equals 1/10 and  the rapid fall region to end when that ratio eq u a ls  10. The 

midpoint betw een Yo an d  Y m is when the ratio equals 1. From Equation III-2 

log tj -  log t* - 1/n ( I I I - 3 ]

log tm -  log t* + 1/n ( I I I - 4 ]

n -  log ( ( Yo -  Y t ) M  Yt -  Y m ) I 1 lo9 (VI*) ( I I I -  5 ]

By putting eqation III-2 in logarithmic form, it can  be converted to linear form:
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log [ ( Yo -  Y t ) M Y t -  Ym) J  -  n log t - n log t* [ I I I -61

This provides a  convenient m ethod of evaluating the co n stan ts  n and t*. by 

plotting log [( y0 -  y t ) / ( yt -  y  m) ] versus log t. However, when the ratio (y0 

-  Y t ) 1 ( Yt~ Y m ) ' s close ,0 0 or ,0 ,he values of n and t* calculated in this 

m anner show  large errors and fitting va lues of th ese  constan t by com puter to 

equation IIM  gives more accurate  values.

Figures 9(a), 9(b), and 9(c) show three se ts  of model curves for equation 

I I M .  In Figure 9(a), n and t* are constan t, and ( y0 -  Y m) is ch an g ed . We 

observe that (i) changing ( y0 -  ym ) does not change the induction time and other 

characteristic tim es, (ii) the absolute value of the slope in the linear portion of 

the curve y t vs.  to9 1 increases with in crease  in ( y0 -  Ym)- ,n Figure 9(b), n 

and ( Yo~ Ym) are constant, and t* is changed . We observe that (i) changing t* 

d o es  not change the absolute value of the slope in the linear portion of the curve,

(ii) the induction time and  o th er ch a rac te ris tic  tim es b eco m e longer with 

increase in t*. In Figure 9(C), ( y0 -  y  m) is constan t and t* and n are  changed . 

S ince ch an g e  in t* d o es not change the abso lu te  value of the slope in the linear 

portion of the curve, w e observe that the abso lu te  value of the slope becom es 

large with an  increase in the value of n. In the Theory part, we shall s e e  that the 

abso lue value of the slope in the linear portion of curve yt vs. log t is related to 

the maximum surface elasticity.

As an  exam ple, Figures 10(a) and 10(b) show  the relationship betw een  

dynam ic surface tension and log t for C ^ B M G  a t different bulk concentrations 

(C, mole /  dm 3 ) in w ater at 25 °C . In F igure10(a) th e  solid cu rv es w ere
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ca lcu la ted  from equation  IIM  with co n stan ts  n and  t* fitted to the d a ta  by 

com puter; in Figure 10(b) equation  II I -6 is plotted, with solid lines draw n 

using le a s t-sq u a re s  co n s tan ts  ob ta in ed  by com puter. The v a lu e s  of the 

param eters u sed  are  listed in Table IX.
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Table IX

Dynamic Surface Tension Param eters for C 12BMG at Various Concentrations

in Water (25 °C)

Fit to Eg. IIM  Fit to Eg. III-6
LogC y  Yo'Ym n f  (s) n f  (s)

(mN/m) (mN/m)

-2.992 34.6 37.4 1.19 0.082 1.17 0.085

-3.224 34.8 37.2 1.31 0.153 1.18 0.155

-3.410 37.3 34.7 1.37 0.340 1.13 0.345

-3.525 39.9 32.1 1.49 0.509 1.39 0.526

-3.701 41.9 30.1 1.53 1.19 1.32 1.24

-3.826 44.8 27.2 1.56 1.86 1.39 1.89

-4.108 48.4 23.6 2.24 3.61 1.75 3.90
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T he physical m eaning of the param eters u sed  in the analysis of dynamic 

surface tension is a s  follows: (i) t, is the time when the surface tension of a  given 

surfactant solution begins to show  a significant surface tension reduction from 

that of the solvent; (ii) tm is the time w hen the m eso-equilibrium  region starts;

(iii) m athem atically, t* is a t the  middle of the fast falling region in dynam ic 

surface tension  curve; physically, it is a  m easu re  of the relaxation time of the 

main dynam ic p rocess, such a s  diffusion from bulk p h ase  to sub-surface  or 

transfer from sub-surface to surface (se e  Theory); (iv) n determ ines the  ratio 

of the relaxation time of the main and subordinate p ro cesses  (see  Theory).

B. Second Method of Presenting Dynamic Surface Tension Data

A second  method of presenting dynamic surface tension data  is by holding the 

time constan t and plotting surface tension vs. the surfactant concentration (C) in 

the aqueous phase . A typical plot of surface tension vs. log C at constant times is 

shown in Figure 11. For com parison, the plot of equilibrium surface tension vs. 

log C is included. A d eg ree  of parallelism  betw een dynam ic and  equilibrium 

surface tension  is apparen t. Each curve show s a  initial g radual d e c re a se  in 

su rfa ce  ten s io n  with in c re a se  of su rfac tan t co n cen tra tio n  a t very  low 

concentrations, followed by a  rapid d ec rea se  in surface tension with increase  in 

log C over a  certain concentration range and then a  m ore gradual d ec rea se  with 

concentration  increase a s  the equilibrium surface tension is app roached . This 

gradual d ec rea se  for the dynam ic surface tension curve, however, d o es  not occur 

at the equilibrium critical micelle concentration  of the  su rfactan t, but a t a
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concentration above it. As the time d ec re a se s , the concentration at which this 

slower d ec rease  com m ences increases. It is notworthy that, for this com pound, at 

1 second surface ag e  time, there is no apparent change in the slope of the surface 

tension vs. log C curve at the  critical micelle concentration of the surfactant. 

This m ean s  that, a t short su rface  ag e s , we cannot alw ays expect to find a 

discontinuity in su rface  properties at the critical micelle concentration of the 

su rfac tan t.

Also to b e  no ted , how ever, is th a t at sufficiently high su rfac tan t 

co n cen tra tio n s in the  aq u e o u s  p h a se , the dynam ic su rface  tension  value 

approaches the equilibrium value, even at short surface age ( e. g. 1 second). We 

shall see , in a later section, that the surface tension at 1 second surface age, y^8, 

is an  excellent predictor of wetting sp eed , a s  m easu red  by the O raves skein 

wetting test.

C. Third method of presenting surface tension data

A third m ethod  of p resen ting  su rface  tension  d a ta  is by plotting the 

m eso-equilibrium surface tension , ym v s. surfactant concentration in the liquid 

p h ase . Although neither time nor surfactant concentration is held constan t in this 

type of plot, ym ch an g es only gradually with increase in time, as  shown in Figure 

10 (a), and  consequently these  plots a re  similar to a  plot of yt vs. concentration 

a t co n s tan t time (se e  Figure A1 to A21). If we choose  the value of y m a t the 

discontinuity in the y * ^  - log C plot, we have a  dynam ic surface tension value 

that ch a n g es  only gradually both with time and  with surfactant concentration.
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Hence, y*m and the concentration at the discontinuity in the the ym - log C plot, 

C * m , are  useful p a ram ete rs  in the d iscussion  of dynam ic su rface  tension 

behavior.
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Chapter IV: Theoretical Development

A. Calculation of Marangoni Elasticity from Dynamic Surface Tension Data

To elucidate the physical m eaning of param eters  in equation IIM  we 

have investigated the relationship of dynam ic surface tension to M arangoni 

e las tic ity .

(1) Theory

The Marangoni elasticity, e, is defined a s  

d y d y
e  -   -  _______ (I v  - 1 ]

dA/ A din A

w here dlnA d en o tes  the relative su rface  a re a  ch an g e  and  dy d en o te s  the

corresponding surface tension change. Values of the M arangoni surface elasticity

a re  dynam ic, non-equilibrium values.

Miller et. al.108 have related  the slope of surface tension with frequency,

m easu red  by the maximum bubble p ressu re  m ethod, to a  bubble M arangoni

surface elasticity. Clint et. a l.107 su g g ested  an equation8 to calculate the ra te of

fractional a rea  change at the time the drop d e tach es , which is b a se d  on the

assum ption that the drop at the tip of a  capillary is spherical.

(dA / A) 2f

  - _____  HV-2J
d t  3

a For a spharical bubbla, dA / A -  2 dr / r and dv / v ■ 3 dr / r, than (dA / A) / 
dt -  (2/3) (dv / v dt ) -  2f / 3, whara r it tha radius of tha bubbla, v is its voluma, 
and A its araa.
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where A is the surface area  of a bubble, y  is the surface tension, f is the bubble

frequency. Equation IV-2 s ta tes  that the rate of the fractional change of a  bubblle

when it d e tach es  from the tip of a capillary is a  function of the bubble frequency.

We u se  this equation to estim ate the rate of fractional ch an g e  at the time the

bubble d e tach es  from the tip of a  capillary.

On the other hand, the dynam ic surface tension m easured  by the maximum

bubble p ressure  m ethod is also a  function of the bubble frequency. From Equation

III-1, which describes the surface tension ch an g es with the time at the relatively

short su rface  ag e  (m easu red  by the  maximum bubble p re ssu re  m ethod), we

obtain the rate of surface tension change, 

dy I-n  ( t / 1* )n'V  t*J

< Yo - Ym) __________________  PV-3]
dt [1 + ( t / t *)n ]2

Defining n m -  (y0 - ym) and converting equation IV-3 to the frequency domain, 

using t - 1/f and  t* -1/ f \  we obtain

cfy ( -n f*( f* / f )n ‘ 1 l

 « ( n m) ------------------------------------------ [ I V - 4 J

dt (1  + (f*/ f)n ]2

w here f is the  frequency in Hz and f* is a  characteristic frequency in Hz for a

surfactant system  at a  certain concentration. In the time range of 1 second to 250

seconds, we can  assu m e that the inverse of the surface ag e  approximately equals

the bubble frequency (f - 1/t), b ecau se  the bubble breaking time (dead  time) is

negligible, com pared to surface age (Table VIII).
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E quations IV-2 and  IV-4 indicate that th ere  is a  definite fractional area  

ch an g e  ra te  and a  definite su rface  tension ch an g e  ra te  at a  certain  bubble 

frequency for a  fixed concentration  of a su rfactan t solution. T herefore, the 

critical fractional surface a rea  change ra te at the  surface of a bubble, which is 

form ed at the  tip of a  capillary im m ersed in the  surfactan t solution, can  be 

directly related to the surface tension change rate.

Dividing equation IV-4 by equation IV-2 and  taking abso lu te  values, we 

obtain

In doing this w e have neglected the bubble growth time, i.e. we assu m e that the 

time when the bubble radius re ach e s  the radius of a  capillary approxim ately 

equals the time when the bubble detaches. This assum ption is reasonable for the 

range of surface age investigated (t second to 250 seconds).

The surface elasticity calculated by equation IV-5 should be  equivalent to 

the elasticity on a  hypothetical continually expanding bubble surface. Equation 

IV-5 show s that the M arangoni surface elasticity at such a  bubble surface is the 

function of the  bubble frequency , the  m eso-equilibrium  p re ssu re , an d  the 

dynam ic surface tension param eter n at a  fixed surfactant concentration. At low 

frequency, the value of |e | in c reases  with in crease  in frequency and  at high 

frequency the value of |e | d e c re a s e s  with in c rease  in frequency . T here  is 

consequently a  maximum in the curve of |e | vs. f.

[n ( f* / f )n )

(3/2 n m) [ I V - 5 ]
dA/A [1 + (f*/ f)n ]2
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Taking the derivative of equation IV-5 and solving for the condition d| e |/ 

df -  0 , we obtain, a t maximum | e | :

f - f * .  [ I V  -61

Substituting equation IV -6 into equation IV-5 to obtain the maximum value of

| e | .

| E m « x l - 3 n m n / 8 .  [ I V - 7 J

Equation IV-7 show s that the value of | e max | depends on the values of n and n m. 

This derivation elucidates the physical m eaning of n.

In spectroscopic term s, we may consider that the system  consisting of a 

su rfactan t solution h a s  two energy  levels: a  "surface film level* with lower 

energy and  a  'su b -su rface  level* with higher energy. Expanding a  surface film 

by producing a  bubble in a  surfactant solution applies an  external field to the 

system  and  c a u se s  transition of m olecules betw een the  two levels. W hen the 

frequency of the applied field eq u a ls  the  intrinsic frequency of th e  interfacial 

region, a  resonance occurs. H ence, we designate r  a s  the 're so n an ce  frequency*.

I e max I should be  related to the  energy difference of the two levels; in term s of 

su rface  chem istry, the  G ibbs free energy of adsorption, A G a<J. However, the 

motion of a  liquid surface is always coupled to that of the adjoining bulk liquid. 

T he 'intrinsic* properties of a  soluble m onolayer a re  strongly affected  by the 

m ass  exchange betw een the  sub-surface and  the bulk p h ase . W hen diffusion 

betw een  bulk p h a se  and  sub -su rface  is a  controlling factor, the  p aram ete rs  

l£ maxl arK* f* can  b e  related  to the diffusion coefficient and  to the  equilibrium 

surface adsorption excess, and the inverse of f*, which equals t \  is a  m easure of
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the relaxation time of transfer betw een sub-surface and surface; in term s of 

surface chemistry, the relaxation time of adsorption and  desorption.

As shown above, the surface elasticity reach es  a maximum value at the 

characteristic  frequency f*. In surface chem istry term s, a s  f becom es larger 

above that frequency and both the rate of area expansion and the absolute value of 

the fractional a rea  expansion consequently becom e large, diffusion becom es more 

and  more unable to keep pace with the d ec rease  in surface concentration caused  

by expansion. Below that frequency, diffusion predom inates and , a s  f becom es 

sm aller, b ec o m e s  m ore c a p ab le  of minimizing th e  d e c re a s e  in su rface  

concentration with expansion of the surface.

The surface elasticity obtained by this m ethod is different with that by the 

classical method, longitudinal surface w aves, in which equation IV -1 is replaced 

by the approxim ate equation

m
|e |=  _________________________________  [l V —8 ]

|AA / A|

As a  result, the experim ents a re  limitted to a  small ch an g e  in a rea , and  the 

corresponded  surface tension variations to betw een about 0.1 and  4 mN/m. The 

m athem atical ex p ressio n , equation  IV -5, allows us to calcu late  the surface 

elasticity both for the surface n ea r equilibrium and  far from equilibrium, which 

is m ore d o s e  to reality.

In addition, in the c lass ica l m ethod the frequency of expansion  and 

com pression of a  surface varies under the condition of a  constant fractional area 

ch an g e  (AA/A), w hereas, in our m ethod both fractional area  change , dA/A, and
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the rate of fractional area change, dA/Adt, vary with the bubble frquency.

Nevertheless, the param eters obtained by this method can , in certain cases, 

be  related to elasticity param eters obtained by the classical method.

(2) Relation to Other Elasticity P aram eters

(0  I e m ax I an d  Eo

e 0, "the limiting dilational m odulus at high frequency*121 is an  equilibrium 

surface property of a  m onolayer, and  it is approxim ately proportional to the 

equilibrium su rface  p re ssu re  when the surface p re ssu re  is not very low and 

surface mole fraction of surfactant is not very high:

6<) -  2n ,  [ IV -9]

w here n  is the  equilbrium surface p ressu re . S ince equation IV -7 show s that 

lEmaxI is proportional to n m, and our d a ta  (see  Figure A1-A21) show  that n m is 

usually  p roportional to n  a t co n c en tra tio n s  below  th e  critical m icelle 

concentration, it follows that, below the critical micelle concentration,

l E m a x l - K e o .  [ I V - 10)

where K is a  constant.

(ii) f* an d  o>o

According to  L ucassen et. a l.121, o>0 is the inverse relaxation time of an  

interfacial region and  the plot of log a>0 vs. log C h as  a  linear relationship with a 

slope of 2 for a  diffusion-controlled adsorption p ro cess . Figure 12 show s the
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linear relationships of log f* and log ©q to log C. For system s C 12E 0 7 , C 12E 0 8  and 

C 12E 0 1 0 , the plots of log f* vs. log C, which w ere obtained from our dynam ic 

surface tension d a ta , fall on one  line with a  slope of 2 ; for sy stem s C 12E 0 6 ,  

C ^ E O S , the plots of log ©q vs. log C 121 fall on a  second line with a slope of 2. The 

com pounds indicated above all belong to the sam e  family and show  only a  small 

structural effect. H ence, w e can  estim ate from Figure 12 that for the system s 

indicated above,

log (f*/ ©0 ) 2 . 1  and f* 2 0.1 ©0. (I V -1 1  ]

In g en era l, for th ese  system s, below their critical micelle concentrations, we 

can  write

f* -  k ©0. [ I V - 1 1 ’]

W e can  u se  the inverse of f*. which equals t*. a s  a  m easure of the relaxation 

tim e of diffusion from bulk p h a s e  to su b -su rface , w hen diffusion is the 

controlling factor, or a s  the relaxation time of adsorption and desorption , when 

transfer from sub-surface to surface is the controlling factor.

(iii) Diffusion C oefficient

W hen diffusion betw een  bulk p h ase  and  sub -su rface  is the controlling 

factor, the  param eters e0 and ©0 can  b e  related  to the diffusion coefficient, D, of 

the  surfactant m olecule 115.

D -  2  ©0 (R T r2 / eo C)2 [ I V -12]

w h ere  r  is th e  equilibrium su rface  e x c e s s  in m ole/cm 2 a t a  bulk p h ase  

concentration, C, (in mole/cm 3). Substituting equations IV-10 and  IV -11' into
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equation IV-12, we obtain

D - 2 ( K  2/ k )  (f*) (R T r2 / I e m*xl C)2 ( I V - 1 2 ']

Table X lists the diffusion coefficients from dynam ic su rface  tension data , 

m easured  by the maximum bubble p ressu re  method, for 0 ^ 2 ^ 0 7 , C 12E 08 , and 

ca lcu la ted  by u se  of equations IV -6 , IV-7 and  IV -12 ' with the 

assum ption of K 2/ k -  1 . For com parison , diffusion coefficients for C i2 E 0 6 . 

C 14E 06 , calculated from e0 and ©o of reference 115 by use  of equation 12 are 

included. The concen tra tions in Table X a re  all below their critical micelle 

concentrations. The diffusion coefficients for C ^ E C tf , C 12E 08, and C 12E 0 1 0  are 

of the sam e order of m agnitude a s  results for the system s C 12EO6, C 14E 0 6  in 

reference12l ,  obtained by a  monolayer expansion and com pression m ethod using 

a  Langmuir trough.
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Table X

Diffusion Coeffecients Calculated by Use of Eq.12' and Eq. 12

System C x 105 

mole/dm3

r

S '1
emax
mN/m

Dx 10® 

cm2/s

C12E 07 2.911 0.041 10.1 3.9

5.821 0.199 11.6 3.7

C12E08 2.650 0.069 7.6 8.0

4.732 0.269 9.3 6.7

6.309 0.255 11.0 2.6

10.33 0.709 12.15 2.2

C12EO10 3.348 0.074 8.4 1.9

5.580 0.309 9.0 2.7

10.33 0.990 10.6 2.0

C12E06* 0.202 2.4

0.509 3.7

c 14ec» » 0.051 2.4

0.509 7.7

a Data from reference! 21
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(iv) Relationship of |E| to C

Figure13 show s plots of surface elasticity, |£|, a s  a  function of surfactant 

concentration C for the system  C ^ E O * . at two fixed frequencies: f -  0.1 and 

0.05. The values of |e | were calculated by u se  of equation IV-5 from our dynamic 

surface tension d a ta , obtained by the maximum bubble p ressu re  m ethod. The 

curves show  sh ap e s  similar to those in the literature 116, a s  shown in the insert 

for Figure 13. The value of |e | increases through a  maximum, and d ec rea se s  with 

further increase  in concentration.

It ap p ears , therefore, that the param eters, |e |, I £ max| and  f*. developed in 

this treatm ent show functions similar to those  of o ther elasticity param eters  in 

the literature.

(3) Relation of the Slope in the Curve yt versus log t to |e |

Multiplying the both sides of equation IV-4 by t, we obtain

dy [ -n t f*( f  / f )n1  1

—  -  n m -----------------------------------------  [I V -1 3 ]

dint [ 1 + (fV f)n ]2

Since t - l / f ,  equation IV -13 becom es 

dyt [-n ( r / f )" ]
—  -  n m _________________  [ i v - 1 4]
dint [ 1 + (f*/ f)n ]2

Com paring equation IV-14 with equation IV-5, we obtain
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dy, 2 |e | |e |

I 1 = __________ = _________  [I V - 1 5]
d lo g t 3 x 2.303 3 .4 5 5

Equation 15 show s that the absolute value of the slope of the curve yt versus log t 

is directly proportional to the surface elasticity. Miller108 reported  that the 

slope of surface tension, m easured  by the maximum bubble p ressu re  m ethod, 

with frequency can  b e  re la ted  to a  bubble su rface  elasticity property. Both 

results a re  qulititatively in agreem ent.

The maximum slope on the curve yt versus log t co rresponds to the 

maximum value of |e |, i.e. |e maxl. which is a  function of the param eters  n and 

n m. Recall the discussion in C hapter III (p.50), which indicates that the slope in 

the linear portion of the curve of yt versus log t depends on the param ters n and 

n m ( -  Yt -Ym) -  The theoretical conclusion is in the  ag reem en t with the 

observation.

B. P redictionof .Mechanism of Surface Tension Change with Time

(1) Theory

The adsorption of surfactant m olecules from an aqueous solution below the 

critical micelle concentration can  be controlled by the diffusion from bulk phase  

to sub -su rface  or by the transfer from sub-su rface  to su rface , or the two 

p ro cesses  may b e  of approximately equal importance. We have shown in equation

IV-11' the relationship betw een t* and the relaxation time of the main dynam ic 

p ro cess  which controls surface tension ch an g e  with time. Now, we define a
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’subordinate relaxation time*, tg. a s  a  m easure of a  dynamic p rocess other than 

the main one.

As d iscussed  above, the equation IV-5 h as  a  maximum surface elasticity, 

le maxl> at the resonance  frequency, f*. To obtain the ratio of (t2 / 1*), we first 

u se  equation  IV -5 and equation IV -7 to solve for the peak  width, At, at half 

height, |e m axl/2 - Substituting ( |e m ax| / 2) into equation IV -5, we obtain

(f* / f )"

(1/2) ( 3 n mn / 8) -  (3 n mn / 2)_______________________ [IV  -1 6 )

[1  + (f* / f )n )2

Defining X = (f* / f )n> w e obtain, from equation IV -16 ,

X2 - 6X ♦ 1 -  0 . [ I V - 1 6  ]

Solving equation  rv-16 ', w e obtain,

X -  (f* / f )n -  3 ±. 2 .828.

H ence. Af1/2 ■ r  (0 .1 7 2 '1/n - 5 .8 2 8 '1/n ) [ I V - 1 7 ]

In nuclear m agnetic resonance , the sh ap e  of a  b roadened  line is usually

described  empirically by the  Lorentz function, the width at the half height of a 

peak  being related to the transverse relaxation time, T2> 123 by equation IV-18 

l

A f i /2 - ________  [I V -1 8 ]
It T2

By the m ethod of sim ilarities124 , we u se  the sam e relationship to estim ate the 

relationship of Af1/2 to the subordinate relaxation time, t2 ,
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l
A f i , 2  - _________________________________  [ IV - 1 9]

71 t2

Hence,

1 1

12 - ___________- ( 1/ n   [I V - 2 0 ]

K A f1/2 71 ( 0 .1 7 2 '1/n - 5 .8 2 8 '1/n )

S ince 1/f* -  t*, 

t*
_  -  71 ( 0 . 1 7 2 ’1/n - 5 .828’1/n ) . [ I V - 2  1 ]
*2

Thus, the ratio of the relaxation times of the main and subodinate m echanism s can 

be determ ined from the value of n.

(2) C om parison with O ther Criteria

P revious investigators have su g g es ted  som e criteria to determ ine the 

m echanism  which c a u s e s  the surface tension change with time. Jo o s  et al 80 

su g g ested  to u se  the slope of the Ayt - log t curve a s  the criterion for dynam ic 

surface tension d a ta  m easu red  by the oscillating jet m ethod, w here Ayt is th e  

d ifference betw een  the dynam ic su rface  tension and the equilibrium surface  

tension, a  slope betw een 0 and  -0.5 indicates a  diffusion-controlled m echanism , 

a  slope abou t -1 indicates a relaxation m echanism  other than diffusion, and  a  

slope  betw een  -0.5 and  -1 indicates a  mixed m echanism . W ard and  Tordai64 

su g g es ted  to u se  the apparen t diffusion coefficient, Dap a s  the criterion: when 

Dap calculated from dynam ic surface tension d a ta  is the sam e order of magnitude
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a s  the diffusion coefficient 0 , the diffusion p ro cess  is slow er than the other; 

when Dap is sm aller than D, the p rocess by another m echanism  is slower. Table 

XI show s a  co m p ariso n  of the p resen t criterion with Jo o s ' and  W ard's for the 

system  sodium  di(2 -ethyhexyl)- su lfosuccinate (DESS) in w ater (C -  6.77 x 

1 0 ’4 mole / dm 3 and  8.85 x 10' 4 mole / dm 3 ) at th ree  tem p era tu res . The 

p re sen t criterion show s that the relative relaxation time of the main p ro cess  

(a ssu m ed  diffusion) to the subord inate  p ro cess  d e c re a s e s  with d e c re a se  in 

tem peratu re  for the two surfactan t concentrations listed. Jo o s 's  criterion also  

show s the m echanism  changes gradually from diffusion to the other with d ec rease  

in tem pera tu re . T he com parision of Da p , ob tained  from the  dynam ic surface 

tension, and D calculated from the Stokes-Einstein equation show s also that the 

effect of th e  m echan ism  o ther than  diffusion in c re a se s  with d e c re a s e  in 

tem p era tu re .

T ab le  XII show s a com parison of the p resen t criterion with Jo o s ' and 

W ard's for n-dodecyl e thers of polyoxyethylenated alcohols with hom ogeneous 

h ead  group (C i2 E 0 7  and  C 12E 08) at a  concentration range of 3 - 10 x 10 s 

mole /  dm 3 (below the cmc). The average t7 12 value is about 23 for C 12E 0 7  

and  C j 2 E 0 8 , which indicates that the  relaxation time of the main dynam ic 

p ro c ess , diffusion, is 23  tim es longer than  the  relaxation tim e of the o ther 

dynam ic p ro cess , such a s  adsorption from sub-surface to surface. The average 

s lopes of log Ay vs. log t for C j2E 0 7  and  C^2E 0 8  fall in the region of 0 to -0.5. 

The average  value of the apparent diffusion coefficient in either c a se  is the sam e 

a s  the expected  value of bulk p h ase  diffusion (5-6 x 10‘6 cm 2/s).
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Table X Ia

Criteria for Mechanism of Surface Tension Change with Time (1)

C x  104 T n t* / t2 slope D„p x 10®

mole /  dm3 K cm2 / s

6.77 283.1 1.84 7.0 -0.65 0 .14(2 .3)b

298.1 1.34 10.8 -0.54 0.48 (3.6)

318.1 0.77 30.6 -0.30 8.4 (5.7)

8.85 283.1 1.68 7.9 -0.71 0.20 (2.3)

298.1 1.32 11.1 -0.50 0.66 (3.6)

318.1 0.70 38.6 -0.30 10.8 (5.7)

a The values of n, t* / tg. Dap , and the slope of log Ay versus log t were obtained
from our dynamic surface tension data, measured by the maximum bubble pressure
method.

b The values in parentheses are diffusion coefficients calculated by use of the
Stokes-Einstein equation with an estimated average radius of 6.9 A°for the DESS
molecule.
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Table XIIa

Criteria for Mechanism of Surface Tension Change with Time (2)

Compound Log C

(mole / dm3 )

n t* / 12 slope Dap x106 

c m 2 / s

C 12E07 - 4 .5 3 6 1 .0 0 1 7 .7 - 0 .6 7 2 .6 7

- 4 .2 3 5 0 .8 2 2 6 .5 - 0 .4 0 6 .5 1

- 3 .9 8 6 0 .8 6 2 3 .9 - 0 .4 0 6 .0 6

Average 2 2 .7 - 0 .4 9 5 .0 8

C12E08 - 4 .5 7 7 0 .8 8 2 2 .8 - 0 .2 9 4 .4 5

- 4 .3 2 5 0 .9 2 2 0 .8 - 0 .2 9 6 .5 0

- 4 .2 0 0 0 .8 3 2 5 .8 - 0 .4 0 5 .8 6

• 3 .9 8 6 0 .9 4 2 0 .0 - 0 .3 9 5 .2 5

Average 2 2 .4 - 0 .3 4 5 .5 2

a The values of n, t* / t2 , Dap, and the slope of log A7 versus log t were obtained 
from our dynamic surface tension data, measured by the maximum bubble pressure 
method.
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Another example is 1,9-nonanediol. The value of n at C -  8.3 x 10' 5 mole/dm3 , 

calculated from the dynam ic surface tension d a ta  of Jo o s et a l.80 is about 2.7, 

from which 

t*

  2 4

*2

Here, the two relaxation times are closer than for potyoxyethylenated alcohols. 

The re su lts  a re  in a g reem en t with the lite ra tu re : n-dodecyl e th e rs  of 

polyoxyethylenated alcohols have a diffusion-controlled m echanism 69121 and 

1,9-nonanediol h as  a mixed m echanism  of sub-surface transfer and diffusion81.

From above exam ples, we can see  that the criterion suggested  by this work 

gives a  simple and sem i-quantitative m easure of the m echanism s involved in 

dynamic surface adsorption, in agreem ent with those in the literature.

C. Preliminary Experim ental R esults

(1) S urface Elasticity 

Table XIII lists the maximum surface elasticity and resonance frequency in the 

concentration region of several tenths to several times the cm c for 13 system s. 

F igures 14-23 show  the relatioships betw een the maximum surface elasticity 

and the  bulk p h ase  surfactant concentration. There ap p ear to b e  two kinds of 

curves: in one c a s e  the maximum surface elasticity first increases with increase 

in the surfactant concentration to a  maximum and then d ec rea se s  with further
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increase in the concentration (for example, system s C i2E 0 4 , C i2E 0 2 SNa in 0.5 

N NaCI, C 14BMQ, C 12SNa in 0.1 N NaCI, DESS in 0.1 N NaCI and DESS in water); 

In the o ther ca se , th e  maximum surface elasticity in c reases  slowly, if a t all, 

with increase  in the surfactant concentration at the relatively high concentration 

(for example, system s of C i2E 0 7 , C 12E 08 , C 12E 010, C 12BMG, C 12EOSNa in 0.1 

N NaCI and 0.5 N NaCI, and C ^ E O ^ N a  in 0.1 N NaCI).

The question is what determ ines the concentration at the maximum point or 

the turning point on the curve of e max versus C. Acording to equation IV-7, the 

Emax va,ue depends on the values of n m and n. If n keeps approximately constant, 

then the concentration at this point will be approxomately the sam e a s  the CMC 

value, a s  shown for the system s of C ^E O S N a in 0.1 N and 0.5 N NaCI, C ^ E O ^ N a  

in 0.1 and 0.5 N NaCI, DESS in 0.1 N NaCI, C 12E 0 4 , and  C 14BMG (Figures 14, 

16-20, and 22). In o ther hand, if the value of n ch a n g es  with the  surfactant 

concentration , the concentration  at this point will be  different with cm c, for 

exam ple, DESS in w ater (Figure 21).

The relationship of log f* to log C (in mole/dm3) is linear (Figure 24-36) 

over the concentration region listed in Table XIII for the system s investigated.

The equations are:

log r - 4 .4 0 +  1.40 log C -------------------------------  C12E04

log r - 7.08+ 1.86 log C ----------------------------------  C12E07

log T -  6.99 + 1.78 log C ----------------------------------- C12E08

log P -  6.57 + 1.69 log C -------------------------------  C 12E 010

log f * .  5.86 + 1.59 log C ----------------------------------  C12BMG
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log P -  4.78 

log f* -  6.17 

log r -  7.07 

log P -  5.90 

log f* -  7.71 

log f* -  6.50 

log r  -  9.03 

log f* -  5.72

1.47 log C -------------------------------  C14BMG

1.64 log C -------------------------------  C 12SN a in 0.1 n NaCI

2.00 log C -------------------------------  Ct 2EOSNa in 0.1 N NaCI

1.72 log C -------------------------------  C t 2EOSNa in 0.5 N NaCI

2.15 log C -------------------------------  C 12E0 2 SNa in 0.1 N NaCI

1.87 log C -------------------------------  C ,2EC>2SNa in 0.5 N NaCI

2.52 lo g C -------------------------------  DESS in water

1.50 log C -------------------------------  DESS in 0.1 N NaCI
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Table xm

Maximum Surface Elasticity and Resonance Frequency

Compound C x10A4 « 

m ole/dm 3

n n m

m N /m

le m axl

m N /m

Log »*

(C in 8-1)

C 12E04 0 .3 2 4 1 .0 7 3 1 .7 1 2 .7 -1 .9 2 1

0 .5 1 8 0 .8 8 3 7 .4 1 2 .3 - 1 .6 2 0

0 .6 4 7 0 .8 7 4 0 .7 1 3 .3 -1 .4 6 9

1 .0 3 6 1.11 4 3 .2 1 8 .0 -1 .0 4 6

1*224 1 .2 8 4 3 .2 2 0 .7 -0 .9 5 1

3 -2 3 6 0 .9 8 4 4 .3 1 6 .3 - 0 .5 6 9

C 12E 07 0 .2 9 1 1 .0 0 2 6 .9 10.1 - 1 .3 8 7

0 .5 8 2 0 .8 2 3 2 .7 10.1 - 0 .7 6 4 5

u r n 0 .8 6 3 5 .2 1 1 .3 5 - 0 .2 7 9

2 ,2 1 1 1 .0 9 3 5 .9 1 4 .7 0 .4 7 6

C 12E08 0 .2 6 5 0 .8 8 2 0 .5 6 .7 7 -1 .1  74

0 .4 7 3 0 .9 2 2 5 .3 8 .7 3 - 0 .5 9 9

0 .6 3 1 0 .8 3 3 0 .7 9 .5 6 - 0 .6 4 8

1 .0 3 2 0 .9 4 3 3 .0 1 1 .6 3 - 0 .1 7 6

1 -8 9 3 - - - . . . . . . 0 .3 9 8
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Table XIII (continued)

Maximum Surface Elasticity and R esonance Frequency

Compound C x10A4 * n n m l^max! LoQ

m ole/dm 3 mN/m mN/m (f* in 8 1 )

C 12EO10 0 .3 3 5 0 .8 3 2 3 .9 7 .4 4 - 1 .2 1 5

0 .5 5 8 0 .6 9 2 6 .5 6 .8 6 - 0 .6 9 0

1 .0 3 3 0 .71 3 0 .6 8 .1 4 - 0 .1 4 6

1 .8 6 0 .8 6 3 1 .2 1 0 .0 6 0 .2 2 2

3 .3 5 - - - . . . - - - 0 .6 9 9

DESS 3 .3 4 2 1 .2 0 1 9 .4 8 .7 3 0 .2 8 4

in w ater 5 .8 4 4 1 .2 8 2 4 .9 1 2 .0 0 .7 6 9

9 .0 2 7 0 .8 4 3 1 .5 7 .4 4 1 .3 8 0

1 2 .5 2 0 .6 3 3 5 .4 8 .3 6 1 .9 2 1

2 4 .5 7 0 .5 2 4 1 .1 8 .0 1 2 .3 4 8

DGSB

in 0.1 N NaCI 1 .2 2 8 1 .6 9 4 0 .2 2 5 .5 - 0 .2 2 3

1 .4 7 4 1 .9 0 4 1 .3 2 9 .4 - 0 .1 0 7

1 .9 6 5 1 .8 8 4 2 .6 3 0 .0 0 .1 8 0
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Table XIII (continued)

Maximum Surface Elasticity and Resonance Frequency

Compound C x10A4 a  n n m lEmaxl LoQ

m ole/dm 3 mN/m mN/m (t* in «-1)

2 .4 5 7 1 .5 7 4 4 .3 2 6 .1 0 .3 6 7

3 .3 3 9 1 .5 2 4 6 .1 2 6 .3 0 .6 0 2

5.646 1 .6 4 4 5 .6 2 6 .0 0 .9 0 3

8.189 1.61 4 6 .1 2 7 .8 1 .0 0 0

1 0 .6 5 1 .4 4 4 6 .1 2 4 .9 1 .2 2 2

c12bmg 0 .7 8 0 1 .7 5 2 3 .6 1 5 .5 - 0 .5 9 2

(pH -  9) 1 .4 9 3 1 .3 9 2 7 .2 1 4 .2 - 0 .2 6 9

1 .9 9 1 1 .3 2 3 0 .1 1 4 .9 - 0 .0 7 5 7

2 .9 8 5 1 .3 9 3 2 .1 1 6 .7 0 .2 9 2

3 8 9 0 1 .1 3 3 4 .7 1 4 .7 0 .4 6 8

5 .9 7 0 1 .1 8 3 7 .2 1 6 .5 0 .8 1 5

1 0 .1 9 1 .1 7 3 7 .4 1 6 .4 1 .0 8 6

c14mbg 0 .3 3 3 1 .8 6 3 4 .0 2 3 .7 - 1 .7 4 5

(pH -  9) 0 .5 0 8 1 .7 9 3 5 .6 2 3 .9 - 1 .6 2 0
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Table XIII (continued)

Maximum Surface Elasticity and Resonance Frequency

Compound C x10*4 * 

m ole/dm 3

n n m

mN/m

lEmaxl
mN/m

Log

(f* in s-i;

0 .5 4 0 1 .9 6 3 6 .0 2 6 .5 - 1 .4 9 5

0.604 1 .8 7 3 6 .6 2 5 .7 -1 .3 7 7

(LZlfi 1 .6 0 3 8 .6 2 3 .2 - 1 .2 8 4

1.015 1 .5 0 4 0 .0 2 2 .5 -1 .0 5 7

C12SNa 2 .9 5 8 0 .81 1 7 .0 5 .2 0 .2 4 1

in 0.1 N NaCI 3 .7 0 0 1 .0 2 1 9 .3 7 .4 0 .6 3 9

5 .2 8 4 0 .9 1 2 2 .0 7 .5 0 .7 9 6

6 .3 3 9 1 .0 2 2 4 .7 9 .4 1 .0 0 0

1 2 .0 5 0 .7 2 2 9 .0 7 .8 1 .3 1 0

C12EC6Na 1 .9 3 7 0 .8 4 2 5 .6 8.1 - 0 .2 6 9

in 0.1 N NaCI 2 .9 7 0 0 .8 4 2 8 .9 9.1 - 0 .0 1 7 9

3 .7 1 3 0 .8 3 3 1 .4 9 .8 0 .1 2 7

4.950 0 .9 4 3 6 .8 1 3 .0 0 .4 4 3

7.430 0 .9 3 3 6 .0 1 2 .6 0 .8 2 6
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Table XIII (continued)

Maximum Surface Elasticity and Resonance Frequency

Compound C x10A4 a 

m ole/dm 3

n rim

mN/m

l^maxl
mN/m

Log f

( f  in s-

14.85 0 .8 3 3 8 .1 1 1 .9 1 .4 4 6

C12EOSNa 0 .5 9 6 1 .0 6 2 7 .5 1 0 .9 -1 .4 5 6

in 0.5 N NaCI 1 .1 9 7 - - - - - - - - - - 0 .7 0 9

3.373 1 .0 2 4 2 .1 16 .1 -0 .0 7 1

7.816 1 .0 9 4 1 .8 1 7 .4 0 .5 4 8

1 8 .5 8 1.11 4 2 .4 1 7 .3 1 .1 9 6

C12EO^SNa 1 .3 3 6 0 .7 6 2 5 .5 7 .3 - 0 .6 4 3

in 0.1 N NaCI 2 .2 2 9 0 .8 3 2 7 .0 8 .4 - 0 .1 1 9

2 .5 7 0 0 .8 4 3 0 .4 9 .6 0 .0 1 1 3

3 .3 4 2 0 .9 3 3 5 .5 5 1 2 .4 0 .2 8 0

6.687 0 .9 6 3 6 .1 1 3 .0 0 .8 6 0

C 12E0 2 SNa 0 .4 1 1 1 .0 0 2 8 .5 1 0 .7 - 1 .8 2 0

in 0.5 N NaCI 0 .8 5 1 0 .8 9 3 2 .3 1 0 .8 - 1 .0 9 2
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Table XIII (continued)

Maximum Surface Elasticity and R esonance Frequency

Compound C x10A4 a 

m ole/dm 3

n rim

mN/m

l^maxl

mN/m

Log f*

(f* in s -1)

l.&fiQ 1 .0 0 3 8 .4 5 1 4 .4 - 0 .5 3 6

3 .1 2 2 1 .1 0 38 .1 1 5 .7 - 0 .0 2 3 2

5 .2 0 0 0 .9 0 3 8 .1 1 2 .9 0 .3 5 2

9 .3 5 4 0 .8 6 3 8 .4 1 2 .4 0 .7 2 6

33.42 - - - - - - - - - 1 .8 6 7

a underlined concentrations are above the CMC.
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(2) Adsorption M echanism

Table XIV lists the slopes .of the plots of log f* versus log C. The value of 

the slope is near 2 for the system s of C i2 E 07, C12E 08 , C 12EO10, C ^ E O S N a  in 

0.1 N and 0.5 N NaCI, C ^E O j^S N a in 0.1 N and 0.5 N NaCI, and DESS in water. 

According to Section (A) (2) in Theory, a  slope of 2 ind icates a  diffusion- 

controlled m echanism. The slope is near 1.5 for the system s of C i2E 0 4 , C 12BMG, 

C 14BMG, C 12SN a in 0.1 N NaCI, and DESS in 0.1 N NaCI. This indicates that the 

m echanism  involved is not completely diffusion.

Table X IV  also  lists the value of n, which is related to tVt2 by equation 

IV -21 . The value of n in Table X IV  varies from 0.5 to 2. In general, if the 

average value of n is equal to or less than 1, a  diffusion-controlled m echanism  is 

involved; if the av e rag e  value of n is higher than  1 , a  mixed m echanism  is 

involved.

The slope of the plot of log f* v ersu s  log C and  the value of n give only 

qualitative information abou t the m echanism . The value of t*/t2 in Table X IV  

g ives sem i-quantitatively  information abou t th e  adsorp tion  m echanism . For 

exam ple, in gen era l, the sy stem s of C ^2 E 0 7  an d  C 12E 0 1 0  have the  sam e  

diffusion-controlled m echanism . However, a  higher av e rag e  value of t*/t2 for 

C ^2 EO10 than that for C 12E 07 , shown in Table XIV, indicates that the time for 

transfer is le ss  significant in the adsorption p ro cess  of C 12EO10, com pared  to 

C j2E 07 . The other example is shown by the system s of C 12BMG and C 14BMG. The 

adsorp tion  p ro c e ss  for both sy s tem s is not com pletely diffusion-controlled,
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however, a  lower average value of f /tg  for C 14BMG than for C 12BMG, shown in 

T able X IV , ind icates th a t the  tim e for tran sfer is m ore significant in the 

adsorption p rocess of C 14BMG, com pared to C 12BMG. However, since the error in 

m easuring  t*/t2 is a s  high a s  ± 20%, this m ethod is only a  sem i-quantitative 

one.
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Table XIV 

Mechanism of Adsorption

System LogCa n t*/t2 Slopeb Mechanism: 

Diffusion ?

C 12E04 -4.489 1.07 15.7

-4.286 0.88 22.8

-4.189 0.87 23.3

-3.985 1.11 14.7

-3.888 1.28 11.6

-3.490 0.98 18.4

Average 1.03 17.7±3.8 1.4 Not Completely

C 12E07 -4.536 1.00 17.7

-4.235 0.82 26.5

-3.986 0.86 23.9

-3.936 1.09 15.2

Average 0.94 20.8±4.4 1.9 Yes

C12E 08 -4.577 0.88 22.8

-4.325 0.92 20.8

-4.200 0.83 25.8
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Table XIV (continued) 

Mechanism of Adsorption

System Log C a n t*/t2 Slope1* Mechanism: 

Diffusion ?

-3.986 0.94 20.0

Average 0.89 22.4 ±2.0 1.8 Yes

C 12EO10 -4.475 0.83 25.8

-4.254 0.69 40.0

-3.986 0.71 37.2

-ajai 0.86 23.9

Average 0.77 31.7±6.9 1.7 Yes

c 12b m g -4.108 1.75 7.4

-3.826 1.39 10.3

-3.701 1.32 11.1

-3.525 1.39 10.3

-3.410 1.13 14.3

-3.224 1.18 13.3

-2.992 1.17 13.4

Average 1.33 11.5±1.9 1.6 No
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Table XIV (continued)

Mechanism of Adsorption

System LogC a n t*/t2 Sippe*3 Mechanism:

Diffusion ?

c 14b m g -4.478 1.86 6.9

-4.294 1.79 7.2

-4.268 1.96 6.4

-4.219 1.87 6.8

-4.127 1.60 8.4

-3.993 1.50 9.2

Average 1.76 7.5 ±0.9

C ^E O S N a in -3.713 0.84 25.2

0.1 N NaCI -3.527 0.84 25.2

-3.430 0.83 25.8

-3.305 0.94 20.0

-3.129 0.93 20.4

-2.828 0.83 25.2

Average 0.87 23.6 ±2-3

C12E0GNb -4.225 1.06 15.9

in 0.5 N NaCI -3.472 1.02 17.1
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Table XIV (continued) 

Mechanism of Adsorption

System LogCa n t*/t2 Slopeb Mechanism: 

Diffusion ?

-3.1 QZ 1.11 15.2

-2.731 1.09 14.7

Average 1.07 15.7*0.78 1.7 Not completely

C12EO ŜNa -3.874 0.76 31.5

in 0.1 N NaCI -3.652 0.83 25.8

-3.590 0.84 25.2

-3.476 0.93 20.4

-3.175 0.96 19.2

Average 0.86 24.4*3.7 2.0 Yes

C12E02SNa -4.386 1.00 17.7

0.5 N NaCI -4.070 0.89 22.3

-3.807 1.00 17.7

-3.506 1.10 14.9

-3.284 0.90 21.8

-3.029 0.86 23.9

Average 0.96 19.7*3.0 1.7 Yes
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Table XIV (continued)

Mechanism of Adsorption

System LogC a n t*/t2 Slopeb Mechanism:

Diffusion ?

C12SNa -3.529 0.81 27.2

in 0.1 N NaCI -3.432 1.02 17.1

-3.277 0.91 21.3

-3.198 1.02 17.1

-2.919 0.72 35.9

Average 0.90 23.7±6.3

DESS -3.911 1.69 7.8

in 0.1 N NaCI -3.832 1.90 6.7

-3.707 1.88 6.8

-3.610 1.57 8.6

-3-476 1.52 9.0

-3.233 1.64 8.1

-3.087 1.61 8.3

-2.973 1.44 9.7

Average 1.66 8 .1±0.8
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Table XIV (continued) 

Mechanism of Adsorption

System Log C a n t*/t2 Slopeb Mechanism: 

Diffusion ?

DESS in water -3.476 1.20 12.9 No

-3.233 1.28 11.6 No

-3.044 0.84 25.2 Yes

-2.902 0.63 51.2 Yes

-2.610 0.52 92.6

2.5

Yes

underlined concentrations are above the CMC. 

The slope of log f* vs. log C
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In the range of concentration that we have investigated, which is restricted 

to that in which the plot of Yeq v e rsu s  log C is linear (equilibrium surface  

saturation), there ap p ears  to be a  relationship betw een the maximum surface 

e x c e ss  concentration, r max and the average  t*/t2 value. A com pound with a  

higher maximum surface ex cess  concentration ( r max) h as a lower value of t r ­

ia b le  XV show s the relationship of t*/t2 to r max. For exam ple, the value of t*/t2 

increases with increase in EO number in the nonionic, w hereas the value of r max 

d ec reases  with increase in EO number. The system  of C ^ E O S N a or C ^ E ^ S N a  in 

0.5 N NaCI with a  higher value of r max h as  a  lower value of t*/t2 than that in 

0.1 N NaCI; and C 14BMG with a  higher r max value h as  a  lower r e v a l u e  than 

that for C 12BMG. The resu lts  indicate that the tim e for tran sfer from the 

sub-surface to the surface is more significant in the adsorption p ro cess  for the 

surfactant with higher maximum surface ex cess  concentration.
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Table XV

Relationship of t*/t2 to Equilibrium Maximum Surface Excess Concentration

(25 °C)

System r max x 1010 (mole/cm2) Averg. t*/t2

C i 2E04 3.61 17.7

C12E 07 2.90 20.8

C 12E08 2.52 22.4

C 12E010 2.11 31.7

C 12EOSNa (in 0.1 N NaCI) 3.81 23.6

C 12EOSNa (in 0.5 N NaCI) 4.41 15.7

C 12E 0 2SNa (in 0.1 N NaCI) 3.46 23.9

C 12E 0 2SNa (in 0.5 N NaCI) 3.78 18.2

DESS ( in water) 1.45 1 1 .6 -9 2 .6

DESS (in 0.1 N NaCI) 2.34 8.1

in water

C 12BMG (pH 9) 

C 14BMG (pH 9)

3.07

4.22

11.5

7.5
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D. Thermodynamics of Dynamic Surface P rocess 

Most of the usual physicochemical p ro cesses  like diffusion, conduction 

of hea t or electicity, chem ical reaction, etc., a re  irreversible p ro cesses . S ince 

the diffusion p rocess strongly affects surface tension change with time, we have 

done som e preliminary reseach  by use  of irreversible thermodynamics.

(1) G ibbs Equation for Dynamic Surface Tension 

Since basic  thermodynamic relationships are valid for both equilibrium 

and  non-equilibrium therm odynam ics125> we have

for nonionic su rfactan t solutions, w here pj81 is the chem ical potential of a 

surfactant at its surface p hase  at time t, r t is the surface ex cess concentration at 

time t, and yt is the surface tension of a surfactant solution at time t.

In a  non-equilibrium p rocess, the chem ical potential in the  surface 

p h ase  of a  surfactant, p / 1, is not equal to the chem ical potential in the bulk 

phase, M2b- Thus,

w here Ap* is the difference betw een the chemical potential of the surface p h ase  

and  that of the bulk p hase  at time t, which is a  negative value in the p rocess of 

dynam ic adsorption. From equation IV-23, we obtain

-dy, - r t d M28t [ IV-22J

M2St - M2b •  Ap1, [ IV -2 3 )

d P2st ■ d  p2b ♦ dAp1. [I V -24]

Also,
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n2b -  H2150 ♦ RT ln a. 

and d u2b -  RT d In a . [I V - 2 5 ]

w here is ,he standard  chemical potential in bulk ph ase , and  a  is the activity 

of th e  surfactan t in the bulk p h ase  at the equilibrium condition. Substituting 

equations IV-24 and IV-25 into equation IV-22, we obtain 

-dyt -  r ,  ( RT d In a + d Ajx*)

This form is similar to the Gibbs equation for equilibrium su rface  adsorption. 

W e d es ig n a te  equation  IV -28 a s  the  G ibbs equation for dynam ic su rface  

adsorption. In the limiting c a se , a s  An* -♦ 0, a1 -* a, r t -  r ,  and equation IV-28 

reduces to the conventional Gtobs equation.

(2 ) P seu d o -P h ase  Separation  in a  Non-equilibrium S tate

The plots of dynam ic surface tension vs. log of concentration  for pure 

nonionic surfactant C 12EO8 at different fixed surface ag e s  are  shown in Figure

11. Each curve show s a  rapid d ec rea se  in surface tension with increase in log C 

over a  certain concentration range and then no change or a  gradual change with 

the further increase in concentration above a  concentration which we symblize, 

C*.

To explain this discontinuty, we derivatize equation IV-28 with respect to

-  r ,  RT [ d In a  + d In (exp ( A n’ / RT))]

-  r ,  RT d In [ a (exp ( Au* / RT))] 

Defining a* ■ a (exp ( Ap* / RT) ), we obtain

-dy, -  r t RT d  in a ' .

( I V -26] 

[I V - 2 7 ]

[ I V - 2 8 ]
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In C, at concentration equal to or above C*. Assuming r t reach es to its maximum 

value at a sufficiently high concentration, we obtain in the range above C*

/ - & Yt b In a1
-  R T r, [I V - 2 9 ]

, dlnCy T 6  In C i T

S ince r ,  is a  finite num ber, if the term  {6yx / 6 lnC ) e q u a ls  approxim ately 

zero, the term  ( 6  In a* / 6  In C ) m ust b e  equal approxim ately to zero . This 

m eans that the activity keeps approximately constan t with increase  in surfactant 

concentration.

In the c a se  of sparingly soluble su b stan ces such a s  Cg He or C 10H2 iOH in 

water, the activity increase is alm ost in proportion to the concentration of solute 

up to the saturation concentration of single d ispersed  sp ec ie s , but it d o es  not 

in c rease  after the  e x c e ss  so lu te p h a se  ap p ears . T h ese  two p henom ena are  

th e rm o d y n am ic ly  s im ila r1 2 6 . From the  dynam ic su rface  tension  v e rsu s  

concentration  d a ta , w e a re  forced to  conclude that m icelle formation, which 

resem bles the p h ase  separation phenom enon, occurs at the turning region, which 

is generally higher than the equilibrium CMC at short surface ages. S ince this is 

only a  theoretical prediction, and a  further experim ental proof is necessa ry  (not 

within the  sco p e  of thesis), we designate  temporarily the turning concentration 

in the curve of dynamic surface tension versus log C a s  C*. From Figure 1 f we 

can  s e e  that the  shorter the surface ag e  is, the higher C* is. This implies that 

surface ag e  effects micelle formation in dynamic process.

In real p h a se  separa tion  such  a s  precipitation, the  cu rv es of physical
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properties versus the concentration of a  solution change sharply at the point of 

p h ase  separation. For m ost of aqueous surfactant solutions, curves of equilibrium 

surface tension versus log C also show sharp break at their CMC's. However, the 

curves of dynamic surface tension versus log C at short surface ag es usually have 

no sharp  change at their C* (see  Figure 11). This implies that micelle size is 

sm aller a t short su rface  ag e s  than at equilibrium (experim ental proof is not 

within the scope of this thesis).
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C hap ter V: Ftesults of P hanom anolog lcal S tud iaa

In m any important rapid interfacial p ro c e sse s  involving surfactan ts, such 

a s  high sp eed  wetting of textiles, coating of solid su rfaces, som e hard surface 

cleaning p ro c e sse s , and  high sp eed  foam ing and  em ulsification, equilibrium 

conditions a re  not attained. As a  result, surface or interfacial p roperties under 

dynam ic (non-equilibrium) conditions would ap p ea r to b e  m ore im portant than 

equilibrium properties in determining the effect of the surfactant on the process. 

For example, in a  p rocess w here the surface area  is being increased  by a  value, 

A A, at a  short time, t, the minimum work required to achieve that surface area  

expansion is the product of the surface tension, y t, a t  time t, and  the interfacial 

a re a  increase . For rapid interfacial p ro c e sse s , therefore, the  q uestions to be 

answ ered are:

(i) w hat bulk p h ase  concentration of surfactant is n ecessa ry  to attain a 

significant reduction of the surface tension of the system  in a  short time (for 

exam ple,1 second)?

(ii) how much of a  reduction of the surface tension can be attained in such a 

t im e ?
v

(Hi) w hat time Is need ed  to achieve a  significant reduction of the surface 

tension a t a  particular bulk p h ase  concentration of surfactant?

The surface tension at meso-equilibrium (ym) is the lowest surface tension 

value that can  be  reached  by the system  in a  short time at a  particular surfactant 

concentration. The time at the begining of the m eso-equilbrium  region, ‘m« by
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definition (p.49), is the time for the surface tension to be d ep ressed  about 91% 

of the value at meso-equilibrium. The param eters at meso-equilbrium are  useful 

in interm ediate-tim e dynam ic p ro c esses  or fast p ro c e sse s , depending on the 

m eso-equilibrium  time, tm , for a  particular surfactant.

We investigated the param eters  of dynam ic surface tension at 1 second 

b ec au se  the surface tension at 1 second  h as been shown (Section F, below) to 

correlate well with wetting time for 23 commonly used  surfactants. H ence we 

consider the dynamic behavior at 1 second as  representive of fast p rocesses.

A. Definitions for Param eters of S urface T ension at 1 S econ d  and at M eso

- e q u i l ib r iu m

Figure 37 show s a generalized plot of surface tension at 1 sec  surface age 

(Yis)> a  Plot of su rfa ce  tension  at m eso-equilbrium  (ym ), and  a  plot of 

equilibrium su rface  tension (yeq ), 8,1 v s - lo9 of surfactant molar concentration 

(log C). The curves fo ry 1s an d  Ym are similar in sh ap e  to that for equilibrium 

surface  tension: the surface tension at first d e c re a se s  rapidly with increase  in 

the surfactant concentration, followed by a point in the curve where the surface 

tension begins to d ec rea se  gradually. B ecause of this similarity betw een dynamic 

and equilibrium curves, we have created  a d a ta  treatm ent pattern similar to that 

u se d  with equilibrium d a ta , and  com pare  th e  dynam ic p a ram ete rs  to the 

equilibrium o n es  (CMC, and surface tension at CMC).

From the intersection of the two linear portions of the curve above and 

below it, or by taking the midpoint (the intersection of the two broken lines) of
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the transition region, we obtain from the y 1 s versus log C plot the point 

sym bolized C *is> the concentration at which the surface tension at 1 second 

show s slow change with increase in surfactant concentration; from the Ym 

versus log C curve, the point symbolized C*m , the minimum concentration at 

which the surface tension show s little further change with increase  either in 

time or in surfactant concentration. C*m therefore re p re sen ts  the minimum 

su rfac tan t concen tra tion  requ ired  to ap p ro ach  m axim um  reduction  (i.e. 

m aximum effec tiveness) of su rfa ce  ten sio n  reduction. H igher su rfactan t 

concentrations give only small increase in effectiveness.

The experim ental resu lts for system s of C i2 E 0 4 , C 12E 0 7 , C 12E 0 8 ,  

C 12E 010, CgPY, C 10PY, C 12S 0 4Na in water, C ^ S N a  in water, and in 0.1 N NaCI, 

C 12SNa in 0.1 N NaCI, C^2 EOSNa in water and in 0.1 N NaCI and in 0.5 N NaCI, 

C i2E 0 2SNa in water and in 0.1 N NaCI and in 0.5 N NaCI, DESS in water and in 

0.1 N NaCI, C 10BMG (pH -  9), C 12BMG (pH -  9) and C 14BMG (pH -  9) are 

shown in Tables A I- A XXI in Appendix, and  in Figures A1- A21 in Appendix, 

which include the sam e se t of plots a s  in Figure 37.

B.-Definition of Effectiveness Percentage in Surface Tension Reduction

W e define the  effec tiveness p e rcen tag e  in dynam ic su rface  tension  

reduction, Pt, a s  the percentage of the equilibrium surface tension reduction that 

is attained in a time t with a  given molar bulk p h ase  concentration of surfactant.

(To - Tt) n ,
P , -  _______  x 100% - _________  x 100% [ V - 1 )

(To - Teq) Heq
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w here y0 is the surface tension of pure solvent, Yt the surface tension at time t, 

Yeq the equilibrium surface tension, the surface p ressure  at time t, and n e q 

the equilibrium surface pressure. A high value of P | m ean s that the dynam ic state 

at time t is c lose to equilibrium. We u se  P^s to rep resen t the effectiveness 

p e rcen tag e  at 1 second , and  P m , the  e ffec tiv en ess  p e rcen tag e  at m eso- 

equilibrium. The physical m eaning of P 1s is the d eg ree  of equilibrium attainm ent 

at 1 secod , which is equal to the av erag e  rate of equilibrium attainm ent at 1 

seoond.

C. Param eters and  Features of the Surface Tension at 1 Second

(1) 1-Sec. Critical Reduction Concentration, C * i8

Table XVI show s the com parison of values of C*18, obtained from the 

plots of Yi s versus log C in the figures in the Appendix, with equilibrium critical 

micelle concentration (CMC). The d a ta  indicate that the value of C *i8 is never 

lower than the CMC and  is generally higher than it. For the investigated m aterials 

with CMCs lower than about 5 x 10*4 mole/ dm3> the C*1s value ap p ears  to fall 

in the range 5 -10 x 10"4 mole/ dm 3 , for those w hose CMCs a re  5 x 10 '4 m ole/ 

d m 3 or more, the C *i8 value is just slightly higher than the value of the CMC. 

The value in paren thesis for C ^ E 0 4  and  C 14BMG is the concentration at their 

solubility limit, which is below their C * i8 value. The C ‘ i s /CMC ratio is also  

listed in Table XVI. For materials w hose CMC value is less than 5 X10*4 m ole/ 

dm 3 , the ratio increases with d ec rease  in the value of CMC. Since the CMC value
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can b e  considered a m easure of the 'su rface  activity* of the surfactant12 7 , here 

the deviation from the  equilibrium value in c reases  with in crease  in su rface  

activity of the surfactant.

Table XVI 

Comparison of Values of C*1 s and CMC

Surfactant C*1$ x 104 

mole/dm3

C M C x104

mole/dm3

C*1s/CM C

C ̂ 2E 04 (3.2)a 0.645

C12E07 7.9 0.82 9.6

C12E 08 7.9 1.09 7.2

C i2EO10 7.9 1.20 6.6

C-|2 EOSNa in 0.1 N NaCI 10 4.3 2.3

C-|2EOSNa in 0.5 N NaCI 7.9 1.3 6.1

C12E 0 2SNa in 0.1 N NaCI 6.9 2.9 2.4

C i2 E0 2 SN a in 0.5 N NaCI 8.9 1.00 8.9

c 14b m g (1)a 0.61

DESS in 0.1 N NaCI 5.0 3.47 1.4

C iq BMG (pH 9) 56.2 45.7 1.2
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Table XVI (continued) 

Comparison of Values of C*i s and CMC

Surfactant C*1s x iq 4 C M C xIO 4 C*is/CMC

mole/dm3 mole/dm3

C 12BMG (pH 9) 5.5 5.10 1.1

DESS in water 20.0 20.0 1.0

C 12S 0 4Na in water 95.5 79.4 1.2

C i2EOSNa in water 43.7 39.1 1.1

C i2 E 0 2SN a in water 31.6 28.8 1.1

C i0SN a in water 452 427 1.1

C 10S N a in 0.1 N NaCI 224 211 1.1
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(2) Surface Tension at 1 Second Surface Age ( Y1«)

This ad d resses  the question of how low the surface tension of the solvent can 

b e  reduced in a  short time. Values of Y is a re  listed in Table X VII, together with 

equilibrium surface tension values, Yeq- Since the value of Y is d ep en d s upon the 

bulk p h ase  concentration of the  surfactant, in order to permit com parison with 

equilibrium  v alu es , Y ts  and Yeq values w ere both tak en  a t th e  equilibrium 

critical micelle concentration of the  surfactant. A plot of A y i8 (■ Y is  '  Yeq) v s - 

log CMC is shown in Figure 38. From the figure, it is apparen t that, w hen the 

CMC of the  su b stan ce  is le ss  than  5-10 x10~4 m olar (log CMC -  -3.0 to -3.3), 

a  large deviation of Y i s ,rom  Yeq 08,1 b® expected. S ince the CMC value can  be 

considered  a  m easu re  of the  "surface activity’ of the s u r f a c ta n t2 7 , hence  the 

deviation from the equilibrium value in c reases  with increase  in su rface  activity 

of the surfactant. Figure 39 show s a  plot of A y i8 v ersu s  C * t8 . In general, the 

value of A Y is d ec rea se s  with increase in C * i8 . It appears that the value of Ay1 s  

rapidly in c re a se s  w hen C * i8 < 10' 3 m ole/dm 3 , how ever, it is about 1 to 3 

mN/m when C*-j8 > 10 '3  mole/dm3 . The value of A y i8 for com pounds C ^ E O *  

and  C 1 4 BMG are  unusually high, b ec au se  their solubility limit is below their 

C * i 8 values.
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Table XVII 

Yi s  and Yeq Values at CMC

Surfactant Yis Yeq A Yis log CMC
mN/m mN/m mN/m

C 12E04 70.5 28.6 41.9 -4.190

C 12E07 62.9 33.6 29.3 -4.086

C 12E08 58.4 34.6 23.8 -3.963

C 12EO10 56.4 37.0 19.4 -3.921

C 10BM G(pH9) 38.7 33.8 4.9 -2.340

C 12BMG (pH 9) 38.8 32.8 6.0 -3.292

C 14BMG (pH 9) 71.4 31.7 39.7 -4.215

C 12EOSNa in 0.1 N NaCI 50.0 33.7 16.3 -3.367

C 12EOSNa in 0.5 N NaCI 68.0 30.6 37.4 -3.886

C 12E 0 2SN a in 0.1 N NaCI 53.3 35.6 17.7 -3.538

C 12E 0 2SNa in 0.5 N NaCI 68.5 32.9 35.6 -4.000

DESS in water 31.2 29.8 1.4 -2.699

DESS in 0.1 N NaCI 32.1 25.5 6.6 -3.460

C ioS N a in water 43.4 41.0 2.4 -1.370

C 10SN a in 0.1 N NaCI 42.8 39.7 3.1 -1.676

C 12SN a in 0.1 N NaCI 40.2 35.9 4.3 -2.607

C i2S 0 4Na in water 43.0 39.5 3.5 -2.100

C-|2 EOSNa in water 44.0 39.2 4.8 -2.408

C i2 E 0 2SNa in water 45.0 41.4 3.6 -2.541
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(3) Features of Plot of Yi s Versus Log C

We have noted that the surface tension at a short time such a s  1 second in 

so m e c a s e s  is less  sensitive to the effects of structure, electrolyte, organic 

additives, and tem perature than at longer surface age, or at equilibrium. Som e 

exam ples follow:

Figure 40 show s plots of Y is versus *°Q c  in different solvents: water, 0.1 

N NaCI, and 0.5 N NaCI, for the system  of C 12EOSNa. The plots of Yi» versus log C 

for the surfactant in 0.1 N and 0.5 N NaCI fall on one line at the concentrations 

below 4 x10 m ole/dm 3 . The difference in the nature of the solvent (0.1 N and 

0.5 N) seem s to vanish at short surface a g e s  such a s  1 second  and at low 

surfactant concentrations. Figure 41 shows the sam e se t of plots for the system  

of C 12E 0 2SNa. Again the plots of Y u  versus log C for the surfactant in 0.1 N NaCI 

and  0.5 N NaCI fall on one line at concentrations below 2 x 10*4 m ole/dm 3 . 

However, there  is a  g rea t d ec rea se  in the surface tension at 1 seco n d  from 

aqueous solution to 0.1 N NaCI.

Figure 42 (a) show s plots of surface tension at 1 second  versus log C for 

the mixture of the C 12S 0 4Na and  dodecyl alcohol (C 12OH) in w ater with the 

m olar ratio of alcohol /  surfactan t -  1:10, cm pared  to the sam e plot for pure 

su rfactan t in w ater. F igure 42(b) show s plots for the  su rface  tension  at 10 

seco n d s  versus log C for sam e system s a s  in Figure 42 (a). We found that the 

"impurity* (C 12OH) h as  no effect on the su rface  tension at 1 seco n d  at a 

concentration of about 4 x 10‘3 m ole/dm 3 , w h e reas  it c a u se s  a  significant
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decrease  of the surface tension of C ^ S C ^ N a  at 10 seconds over the concentration 

region investigated. The additive, dodecyl alcohol, therefore show s less effect on 

the surface tension of sodium dodecyl sulfate at 1 second  than at 10 seconds. 

M y se ls90 reported  the effect of purification of an  aq u eo u s solution of sodium 

dodecyl su lfate on dynam ic surface tension, m easured  by the maximum bubble 

pressu re  method. He found also  that the effect of purification w as small when the 

surface is fresh at short age and increased markedly a s  the surface age increased 

Hence, he su g g ested  that for less precise determ ination on  less  pure system s, 

m easu rem en ts m ade at short tim es are  closer to the true values for the pure 

system  than those m ade at long times. O ur result is in ag reem ent with Mysels' 

re su lt.

Figure 43 show s the plot of Y u  versus log C for C 12E 0 7 , C 12E 08 , and  

C 12EO10. At concentrations lower than -1 0 -4 m ole/dm 3 , the surface tensions at 

1 second  for C ^2E 0 7 , C 12E 0 8 , and C 12EO10 fall on one  line, indicating no 

structural effect on y 1g in this region. However, the curve of C 12EO10 begins to 

sep a ra te  from the stem  a t ~ 1 0 ‘4 m ole/dm 3 ; the curve of C 12E 0 8  at ~3 x 1 0 '4 

m ole/dm 3 .

Figure 44 show s the plots of versus log C for C12EOxSN a in 0.1 N NaCI, 

where x -1 ,  2. At the  concentrations below -A  x10'4 m ole/dm 3' the plots fall on 

one line. Again this indicates no structural effect on y 1t in this region. However, 

the cu rves se p a ra te  from each  other after 7 xIO*4 m o le /d m 3 , and  graduately 

reach  co n stan t v a lu es: 38.5 mN/m for the  surfactan t with higher equilibrium 

surface  tension (x«2, -  35 .6  mN/m), and  35.2  mN/m for the o ther ( y«q *
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3 3 .7  mN/m).

(4) Effectiveness Percentage at 1 Second, Pf s

T able XVIII portrays the  effect of su rfac tan t co ncen tra tion  on the 

effectiveness percen tage at 1 second for the system s, C 1 2 EO7 , and

C l2 E 0 2 S N a  'n water and in 0.1 N NaCI. The data  indicate that the effectiveness 

p e rcen tag e  at 1 seco n d  in c reases  m onotonously with in c rease  in surfactan t 

concentration at the range investigated, and at high concentration the value of P ^ s 

app roaches 100%, which is an  indication of equilibrium sta te .



1 0 6

Table XVIII 

Effectiveness Percentage at 1 Second 

- Concentration Effect

System LogC Y1s n 1s Yeq P 1s

mN/m mN/m mN/m

-4.536 71.6

-4.235 65.6

-3.986 59.5

-3.536 45.1

-3.277 42.0

-2.944 38.3

-2.608 35.6

-2.424 35.6

-4.108 70.8

-3.826 64.4

-3.701 59.0

-3.525 48.6

-3.410 43.7

-3.224 37.7

1.0

6.4

12.5

36.4

1.2

7.6

13.0

23.4

28.3

34.3

41.1

35.9

33.6

26.9 33.6

30.0 33.6

33.7 33.6

36.4 33.6

33.6

46.6

41.9

39.7

36.7

34.8

32.8

3.2

17.7 

32.6

70.0

78.1

87.8

94.8

94.8

4.7

25.2

40.2

66.3 

76.1 

87.5
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Table XVIII (continued) 

Effectiveness Percentage at 1 Second 

- Concentration Effect

System Log C Yis
mN/m

H i.
mN/m

Yeq
mN/m

H s
(% )

in water

-2.992

-2.792

-2.491

-2.777 

-2.652 

-2.476 

-2.294 

•2.044 

-1.692

36.5

35.0

34.0

52.9

48.5

43.6 

44.0 

43.5 

42.4

35.5

37.0

38.0

19.1

23.5

28.4 

28.0

28.5

29.6

32.8

32.8

32.8

47.9

44.5

41.4

41.4

41.4

41.4

90.6

94.4

96.9

79.3

85.5 

91.9

91.5 

93.1 

96.7
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Table x v m  (continued)

Effectiveness Percentage at 1 Second 

- Concentration Effect

System LogC yl8 n 1 t y ^  P 18

mN/m mN/m mN/m

CjzECfeSUa 

in Q.1 N NaCI
-3.874 66.4 5.6 62.2 55.4

-3.652 60.7 11.3 56.2 70.2

-3.590 56.4 15.6 50.9 72.9

-3.476 48.9 23.1 45.0 84.6

-3.175 40.7 31.3 35.6 85.3

-2.476 39.1 32.9 35.6 89.6

-2.018 38.5 33.5 35.6 91.3
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Since P 1s changes with concentration, a comparison betw een com pounds or 

different conditions is only possible at sam e molar concentration.

Table XIX lists the effectiveness percentage at 1 second, P ^s , for different 

com pounds at sam e bulk molar concentrations and for the sam e com pound under 

different molecular environment conditions, together with the y6q and n 1s (« y0 -  

Yi s ) values on which they are based.

The P i s  value reflects the position of the surfactant concentration relative 

to C*18 and increases a s  the ratio, concentration / C*1s, increases. The value of 

P t s also reflects the difference between the value of y0. the surface tension of the 

system  in the absence  of surfactant, and the equilibrium value, y e q . The larger 

the difference betw een th ese  two values, the sm aller will be  P f S. G eneral 

speaking, a dynam ic property is a  m odulated equilibrium property. W hen the 

m odulating function is large, the dynam ic property will be  far from the 

equilibrium one; when the modulating function is small, the dynam ic property 

ap p ro ach es the equilibrium property. The ratio of concentration  / C*18 is a 

m easure of the modulating function at 1 second surface age.

Since for surfactants with CMC values below 5 x 10 '4 mole/dm3 , the C * is 

value falls in a  fairly narrow ran g e  (5 -10 x 10' 4 m ole/dm 3 ), it is to be 

expected that their Pf s  values will reflect the ye q value, with higher ye q values 

yielding higher P-|S values. Thus, for the polyoxyethylenated com pounds, C12EO4 

- C 12E 010 , since ye q increases with increase in the number of oxyethylene units 

in the molecule, the P i s  values d ecrease  a s  the ye q values d ec rease . Since the
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concentration at which the com pounds are com pared  is much lower than their 

C * is  values, the values of P-|S are all small.

For com pounds C 12EOSNa and C 12E 0 2SNa in water, 0.1 N NaCI, and 0.5N 

NaCI, the C ‘ i s  values in water are several times higher than those in 0.1 N NaCI 

and 0.5 N NaCI, which are fairly close together, and close to the concentration at 

which all the system s are com pared. Thus, although Yeq in water is higher than 

those in 0.1 M NaCI and 0.5M NaCI, where again the values are close together, the 

P i s  values in water are considerably lower than the values in 0.1 M NaCI and 

0.5M NaCI.

In similar fashion, the P i s  value for DESS in 0.1 M NaCI is larger than in 

w ater b ecau se  the C*jS value is 5 times smaller in 0.1 M NaCI than in water, and 

the increased Yeq 'n water is not sufficient to com pensate for this.

For com pounds C 12S 0 4Na, C12EOSNa, C 12E 0 2SN a, in water the C *is value 

for C^2S 0 4Na is 2 - 3 times higher than those for the oxyethylenated compounds, 

which a re  fairly c lo se  together. This would m ake P i s  lower for the  first 

compound. However, its Yeq value is higher than those of the other two com pounds 

which, again , a re  fairly c lo se  together. The com bined result is that the P 1s 

va lu es for all th e se  com pounds a re  fairly c lose together. S ince they are  all 

com pared  a t a surfactant concentration considerably above their C * is values, 

their P 1s values are  high.

Regarding tem perature effect, we expect that when values of C*is for the 

sam e com pound at different tem peratures are close, then the P^s will depend  

mainly on Yeq- The values of Yeq ,or DESS in w ater at the three tem peratures



listed are  close, consequently the P i 8 values are very close; the value of yeq for 

C 12EO8 d e c re a se s  with increase in tem perature, consequently  the P 1s v a lu e  

d ec rea ses  with increase in tem perature.



Table XIX 

Effectiveness Percentage at 1 Second

System Log C Yis
mN/m

Yeq
mN/m

n 1s
mN/m

P is

(%)

in water

C12E04 -4.20 69.5 28.6 2.2 5.8

C12E07 -4.20 65.2 35.4 6.4 18.6

C12E08 -4.20 64.4 37.9 7.9 22.3

C12E010 -4.20 64.2 40.3 7.0 24.6

in water

C i2S0 4 Na -2.40 52.2 49.4 19.8 87.6 .

C12EOSNa -2.40 43.0 39.2 29.0 88.4

C12E02SNa -2.40 43.8 41.4 28.2 92.2

C12EOSN8

in water -3.1 67.0 59.8 5.0 41.0

in 0.1 N NaCI -3.1 41.1 33.6 31.2 79.8

in 0.5 N NaCI -3.1 40.3 30.6 32.2 77.1
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Table XIX (continued) 

Effectiveness Percentage at 1 Second

System Log C Yls
mN/m

Yeq
mN/m

H ts
mN/m

P is

(%)

in water C i2EQ2SNa

in water -3.1 64.8 56.1 7.2 45.3

in 0.1 N NaCI -3.1 40.4 35.6 31.9 86.9

in 0.5 N NaCI -3.1 42.3 32.9 30.2 76.7

nFSR

in water -3.23 49.5 40.7 22.5 71.9

in 0.1 N NaCI -3.23 28.2 26.7 44.1 97.4

DESS In water -3.05

10 °C 46.0 40.0 28.3 82.5

25 °C 43.6 38.0 28.4 83.5

45 °C 42.3 37.2 26.5 83.9

10 °C

-3.99

54.5 39.7 19.8 57.2

25 °C 55.0 35.2 27.0 46.2

45 °C 52.5 32.7 16.3 45.2
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(5) Efficiency of 1-Second Surface Tension Reduction, PC20 (1s)

By analogy with equilibrium surface  tension, we define the efficiency of 

1-second surface tension reduction by a surfactant a s  the  negative logarithm of 

the bulk p h ase  molar concentration of surfactant required to d ep ress  the surface 

tension of the system  by 20 mN/m in one second, and symbolize it p C 2 0 (is )- 

This is one approach to the question: what bulk phase  concentration of surfactant 

is necessary  to attain a  significant reduction of the surface tension of the system  

in a  short time?

Data a re  shown in Table XX and  Figure 45 (a), w here pC 20(is) values for 

20 different sy stem s, containing 6 different individual anionic su rfactan ts , 5 

different nonionic surfactants, and 2 zwitterionic surfactan ts a re  plotted against 

their re sp ectiv e  equilibrium  PC2 0  values. The function in Figure 45 (a) is 

polynomial. However, for convenience of application we u se  an  approxim ate 

linear relationship to replace it, a s  shown in Figure 45 (b). The the b est fitting 

equation by the com puter is

Pc 20 (1s) -  1.12 ♦ 0.52 pC20 (eq) Iv ‘ 2 l

w here PC20 (eq) i8 ,he efficiency in equilibrium surface tension reduction.

S u rfactan ts  that a re  m ore efficient at reducing su rface  tension  under 

equilibrium conditions a re  more efficient at reducing it in a  short time. Thus, in 

pure water, nonionic su rfactan ts a re  m ore efficient than  zwitterionic which, in 

turn, are m ore efficient than ionic, surfactants with the sam e num ber of carbon 

atom s in their hydrophobic g roups. Ionic su rfactan ts  a re  m ore efficient in
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electrolyte solution than  in pure water. S urfactants with the sam e hydrophilic 

head  groups becom e m ore efficient when the alkyl chain of their hydrophobic 

g roup  is len g th en ed , while po lyoxyethy lenated  non ion ics with th e  sam e 

hydrophobic group becom e less efficient with the num ber of oxyethylene units in 

the molecule is increased.

The difference, A pC 2o (eq)- betw een the equilibrium value, PC20 (eq), 

and  the 1-second efficiency value, PC20 ( i s ) is listed in Table XX. In all c a se s , 

the 1-seco n d  efficiency is le s s  than  the  equilibrium value . In addition, the 

difference betw een them increases with increase in the value of PC20 (eq). Since 

the PC20 value is a  m easu re  of the tendency of the surfactan t to adso rb  at 

aq u eo u s  solution/air in terface1 2 7 , i.e. its 'su rface  activity*, this m eans that the 

g re a te r  the su rface  activity of the su rfactan t, th e  m ore will its 1 second  

efficiency vary from its equilibrium efficiency.
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Table XX

Relationship of Dynamic and Equilibrium Efficiency in Surface Tension

Rreduction,pC20(is)and P°20(eq)

# System  PC20(1s) Pc 20(eq) ApC20(eq)

1. CioSC>3Na in water 1.64 1.685 0.045

2. C 12SO3NSI in water 2.30 2.36 0.06

3. C i2S 0 4 Na in water 2.39 2.48 0.09

4. C 12EOSNa in w ater 2.65 2.83 0.18

5. C izE C ^S N a in water 2.76 2.92 0.16

6 . DESS in water 3.32 4.02 0.70

7. C ioSOaNa in 0.1 N NaCI 2.21 2.28 0.67

8. C i2S 0 3 Na in 0.1 N NaCI 3.26 3.38 0.12

9. C 12EOSNa in 0.1 N NaCI 3.47 4.23 0.76

10. C ^ E O ^ N a in O .I  N NaCI 3.47 4.36 0.89

11. DESS in 0.1 N NaCI 3.85 5.30 1.45

12. C 12EOSNa in 0.5 N NaCI 3.47 4.80 1.33

13. C12E0 2 SNa in 0.5 N NaCI 3.43 4.98 1.55

14. CgPY in water 2.88 3.13 0.25

15 C i0PY In water 3.365 4.27 0.905

16. C 12E 0 7  in water 3.78 5.26 1.48
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Table XX (continued)

Relationship of Dynamic and Equilibrium Efficiency in Surface Tension 

Reduction, pC 20(is) and P^20(eq)

# System Pc 20 (1s) pC20(eq) APc 20(eq)

17. CZECHS in water 3.81 5.20 1.39

18. C 12 ^0 1 0  in water 3.72 5.15 1.43

19. C tqBMG in water (pH -9 ) 2.97 3.46 0.49

20. C 12BMG in water(pH -  9) 3.54 4.45 0.91

APc 20(eq)“ Pc 20(eq) * Pc 20(1s)
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D. P aram eters and Features of m eso-eauilbrium surface tension

(1) Meso-equilibrium Critical Reduction C oncentration, C*m 

As m entioned above, this is the minimum bulk p h ase  molar surfactant 

concentration  at which the su rface  tension show s little further ch an g e  with 

increase  either in time or in surfactant concentration. Table XXI lists values of 

C*m , the equilibrium CMC, and the ratio of C*m to the equilibrium CMC. The 

C*m values ap p ear to parallel the equilibrium CMC value. Thus, C*m d ec rea se s  

with d ec rea se  in EO num ber for nonionics, with increase  in electrolyte content 

for anionic surfactants, and with increase in hydrocarbon chain length, the sam e 

tren d s a s  show n for the equilibrium CMC. T he value of the C*m /CMC ratio is 

1-2.5 in all c a se s  investigated, and  it ap p ears  to d ec rea se  with increase in EO 

num ber in nonionics, with d ec rea se  in chain length in zwitterionics, and d ec rease  

in salt concentration for ionics, implying that the ratio is d ec rea sed  by increase 

in the hydrophilic charac te r of the surfactant. The ratio of C iq BMG is slightly 

higher than C ^B M G , which may be due to experim ental error.
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Table XXI

Param eters at Meso-equilibrium (1): C*m and C'm/CMC Ratio

Surfactant C*m x iq 4 CMC x 10* C*,^ CMC

mole/dm^ mole/dm^

C 12E 04 0.87 0.645 1.35

C 12E 07 1.15 0.82 1.40

C 12E 0 8 1.29 1.09 1.18

C i 2e o io 1.20 1.20 1.00

C 10BMQ 56.2 45.7 1.23

c 12b m g 5.50 5.10 1.08

c 14b m g >1.00 0.61 > 1.64

C 12S 0 4Na in water 95.5 79.4 1.20

C 12EOSNa in water 43.7 39.1 1.12

C 12EOSNa in 0.1 N NaCI 7.20 4.30 1.67

C 12E O S N ain 0 .5 N  NaCI 3.20 1.30 2.46

C 12E 02SN a in water 31.6 28.8 1.10

C 12E 0 2SN a in 0.1 N NaCI 3.50 2.90 1.20

C 12E 02SN a in 0.5 N NaCI 1.45 1.00 1.45

C 10SN a in water 436.5 427 1.02

C 10SNa in 0.1 N NaCI 219 211 1.04
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Table XXI (continued)

Param eters at Meso-equilibrium (1): C*m and C’fp/CMC Ratio

Surfactant C*m x 10* CMC x 10* C 'm /CM C

mole/dm3 mole/dm3

DESS in water 20.0 20.0 1.00

DESS in 0.1 N NaCI 3.47 3.47 1.00
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(2) M eso-equilibrium  time

This ad d resses  the question of what time is needed  to achieve a  significant 

reduction of the su rface  tension at a  particular bulk p h ase  concentration of 

su rfac tan t. The time n e e d e d  is g reatly  d ep e n d en t upon th e  bulk p h ase  

concentration of surfactant. Consquently, the reference bulk p h ase  surfactant 

chosen  here is C*m rather than a fixed surfactant concentration. This yields t*m 

a s  the  minimum time requ ired  (for a  particu lar su rfac tan t u n d er given 

m olecular environmental conditions) to obtain a surface tension value (Y*m j that 

d o es  not change much with increase in the surfactant concentration. The I'm  

v a lu e s  w ere ob ta ined  from a  plot of y , v e rsu s  log t a t fixed su rfac tan t 

concentration, C*mi or by interpolation of the linear plot of log t* versus log C.

Table X X II lists the  v a lu es  of m eso-equilibrium  tim e, t*m , in th ree 

groups. For the system s studied, it is apparent from the da ta  that, in general, the 

larger the value of C*m , the sm aller the value of tm . Quantitatively, Fgure 46 

show s the approxim ate linear relationships betw een  log t*m and  log C*m : th e  

top line in Figure 46 is for the com pounds in the group 1 in Table X X II, the 

lower line is for the com pounds in the group 2 in Table XXII. The linear equations 

are a s  follows:

S ince the  values of C*m in group 3  a re  m uch higher than that for the 

com pounds in the groups 1 and 2, the values of t*m fall in the range of less than

fog t*m -  -6.09 -2.04 log C*m (group 1) 

log t*m -  -6.21 -1.88 log C*m (group 2)

I V -3 ]  

I V  - 4 )
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0.1 second. B ecau se  of experim ental limitation, m ore exact d a ta  could not be 

obtained.

T ab le X X II a lso  lis ts  th e  equilibrium  m axim um  su rfa c e  e x c e s s  

concentration, r max The d a ta  indicate that com pounds with values of r max le ss  

than 3.1 X 1 0 '10 mole/dm3 fall on the lower line in Figure 46, while com pounds 

with values of r max greater than 3.5 X 1 0 '10 m ole/dm 3 fall on the upper line 

in Figure 46. That is, com pounds with lower v a lu es  of r max show  sh o rte r  

meso-equilibrium tim es than that do com pounds with higher values of r max at 

the sam e  C ‘m . T he two lines also  distinguish com pounds of higher surface 

activity (upper line) from those of lower surface activity (lower line) in each  

surfactant c la ss  of surfactants studied. This may provide an  explanation for the 

re p ea ted  above observation  that m ore surface-active m ateria ls deviate  more 

from equilibrium behavior in their dynamic behavior than do less  surface-active 

o n es . Com pounds having higher equilibrium surface ex c ess  concentrations may 

n ee d  m ore time to  reach  th e se  concen tra tions (and to exhibit equilibrium 

p ro p e rtie s )  th an  th o s e  with low er equilibrium  c o n c e n tra tio n s . S in ce  

m eso -eq u ilib riu m  p a ra lle ls  equ ilib rium , th e  s a m e  m ay b e  tru e  for 

meso-equilibrium behavior. The third group of com pounds in Table XXII are the 

least su rface-active and  have such high C*m values that t*m is less than 1 

second.
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Table XXD

Param eters at Meso-equilibrium (2): Meso-equilibrium Time, tm

Surfactant L ogC 'm  
(in mole/dm3)

**m
(Second)

LoO»*m I~max X 101° 
(mole/cm2)

C 12E 04 -4.060 182 2.26 3.61

£l2EQ&Ua

in 0.1 N NaCI -3.143 2.3 0.36 3.81

in 0.5 N naCI -3.495 12.1 1.08 4.41

in 0.1 N NaCI -3.456 6.9 0.84 3.46

in 0.5 N NaCI -3.839 54.3 1.73 3.78

C 14BMG (pH 9) >-4 < 1 0 0 < 2 4.22

C 12E 07 -3.940 20.0 1.30 2.90

C 12E08 -3.759 8.71 0.94 2.52

C 12E 010 -3.640 19.3 1.285 2.11

C 12BMG (pH 9) -3.260 1.2 0.079 3.07

OESS in 0.1 N NaCI •3.460 1.2 0.079 2.34
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Table XXD

Param eters at Meso-equilibrium (2): Meso-equilibrium Time, tm

Surfactant Log C*m 
(in mole/dm3)

'm
(Second)

L ogtm rm ax X IO ’O

(mole/cm2)

C i2S 0 4Na in water -2.020 <0.1 <-1

C ^E O S N a in water -2.360 <0.1 < -1

C ^E O gS N a in water -2.500 <0.1 <-1

DESS in water -2.700 <0.1 <-1
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(3) Effectiveness of Surface Tension Reduction, n*m

Since the meso-equilibrium surface tension at the discontinuity in the Ym 

v ersu s  log C plot (C*m ) ch a n g es  only gradually both with time and  with 

surfactant concentration, we can u se  the reduction of the surface tension of the 

solvent, or surface p ressu re , n*m ( -  Yo 'Y *m )- achieved at this point a s  a 

m easure of the effectiveness of dynamic surface tension reduction, by analogy 

with the effec tiveness of equilibrium surface tension  reduction, n cmc, the 

surface p ressu re  at the discontinuity in the plot of equilibrium surface tension 

versus the log C (i.e., at the CMC). Table XXIII show s a  com parison of dynamic 

and equilibrium effectivenesses.

In general, effectiveness of dynamic surface tension reduction ap p ears  to 

parallel effectiveness of equilibrium surface tension reduction. Figure 47 show s 

an  approximately linear relationship betw een them . The linear equation is a s  

follows:

n*m -  -1.78 ♦ 1.015 n*cmc. (V - 5)

In Table XX III, the value of An* (- n*m - n cmc) falls in the range of 0 to -3.8 

mN/m, i.e. n*m is equal or som ew hat sm aller than n cmc. It appears that the 

absolute value of An*m increases with increase in molecular weight in the sam e 

chem ical family under sam e m olecular environm ental condition, and increase 

with increase in NaCI concentration for most of the ionics in Table XXIII.

T hese results may account for the fact that the perform ance of surfactants 

in som e dynam ic phenom ena often can  be predicted  successfully  from the 

equilibrium surface values, especially if the surfactant concentration is not too
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low. Thus, in Ross-Miles foaming, the initial foam height obtained in many ca ses  

c o rre la te s  w ell121 with the  equilibrium su rface  tension  of the surfactan t 

solution. The lower the equilibrium surface tension, the higher the initial foam 

height. The te s t is co nduc ted  at a  su rfactan t concentration  of 1-2.5 g/l, 

equivalent to 2-12.5 X 10 '3 m ole/dm3 for surfactants of 200 - 500 m olecular 

weight. This concentration range is above the CMC value of many surfactants and, 

consequently, the C*i8 value (Table XVI) is exceeded. This m eans that a  surface 

tension value c lose to the equilibrium value will be obtained  in le ss  than 1 

second. For small m olecules with high CMC values, on the other hand, the C*1s 

value may possibly not be exceeded . However, when the molar concentration is 

abovelO *2, the t*m value is probably less than one second (Table XXII) and Yi s 

is close to Yeq (Table XVIII). Thus, under the conditions of the test, in most ca se s  

the surface tension of the surfactant solution during the foaming p ro cess  is 

probably close to its equilibrium value.
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Table XXIII

Effectiveness of Dynamic Surface Tension at C*m

Surfactant n * m
mN/m

ITcmc
mN/m

An*

mN/m

C12E04 43.4 43.4 0

C12E07 36.0 38.4 -2.4

C12E08 34.4 37.4 -3.0

C 12E010 31.2 35.0 -3.8

C i2S0 4 Na in water 32.3 32.4 0

C i2 EOSNa in water 32.8 32.8 0

C i2 E0 2SNa in water 29.2 30.6 -1.4

C 12EOSNa in 0.1 N NaCI 38.5 38.5 0

C 12E 0 2SNa in 0.1 N NaCI 35.7 36.7 -1.0

C 12EOSNa in 0.5 N NaCI 41.7 42.3 -0.6

C 12E 0 2SNa in 0.5 N NaCI 37.9 40.0 -2.1

C 10SNa in water 30.5 31.0 -0.5

C 10SNa in 0.1 N NaCI 31.1 32.6 -1.5

DESS in water 40.9 42.3 -1.4

DESS in 0.1 N NaCI 46.1 46.8 -0.7

C 10BMG(pH 9) 37.2 38.2 -1.0

C 12BMQ (pH 9) 37.0 39.2 -2.2

AH*m “ n*m' n*cmc
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(4) E ffectiveness P ercen tage  at Meso-equilibrium, Pm 

T a b le  XXIV portrays th e  concen tra tion  effect on the e ffec tiv en ess  

percen tage  at meso-equilibrium, P m for system s C 12E 0 7 , C 12BMG, C 12E 0 2SN a 

in w ater an d  in 0.1 N NaCI. T he data  indicate that (i) the  meso-equilibrium  

s ta te s  at the concentrations investigated are close to the equilibrium, a s  shown by 

the  high values of P m ; (ii) the value of P m in c reases  with in c rease  in the 

surfactan t concentration in the range investigated  and a t high concentration 

reach es  100%, which is an  indication of the equilibrium s ta te  (Small variations 

in the P m value are due to experimental error.) .
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Table XXIV

Effectiveness Percentage at Meso-equilibrium: Concentration Effect

System LogC ym n m Yeq P m (%)
mN/m mN/m mN/m

C^EQZ

-4.536 45.1 26.9 41.0 86.8

-4.235 39.3 32.7 36.0 90.8

-3.986 36.9 35.1 33.6 91.4

-3.536 36.1 35.9 33.6 93.5

-3.277 35.7 36.3 33.6 94.5

-2.944 35.0 37.0 33.6 96.4

-2.608 34.4 37.6 33.6 97.9

-2.424 34.4 37.6 33.6 97.9

in water (pH 9)
-4.108 48.4 23.6 46 .6 92.9

-3.826 44.8 27.2 41.9 90.4

-3.701 41.9 30.1 39.8 93.5

-3.525 39.9 32.1 36.8 91.2

-3.410 37.3 34.7 34.9 93.5
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Table XXIV (continued)

Effectiveness Percentage at Meso-equilibrium: Concentration Effect

System LogC Ym n m Y»q Pm(%)
mN/m mN/m mN/m

-3.244 34.8 37.2 32.8 94.9

-2.992 34.6 37.4 32.8 95.4

-2.792 33.9 38.1 32.8 97.2

-2.419 32.9 39.1 32.8 99.7

C12EQSfe 

in water
-2.731 54.0 18.0 49.4 79.6

-2.607 48.6 23.4 45.3 87.6

-2.430 41.5 30.5 39 .8 94.7

-2.270 41.5 30.5 39 .2 93.0

-2.174 39.8 32.2 39.2 98.2

•2.094 39.1 32.9 39 .2 -100

-1.794 39.1 32.9 39 .2 -100
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Table XXIV (continued)

Effectiveness Percentage at Meso-equilibrium: Concentration Effect

System  LogC ym n m Yeq Pm(%)
mN/m mN/m mN/m

C^QStta 
in Q.1 N NaCI

-3.713 46.7 25.6 41.8 83.9

-3.527 43.4 28.9 37.6 83.3

-3.430 40.9 31.4 35.3 84.9

-3.305 35.5 36.8 33.7 95.3

-3.129 36.3 36.0 33.7 93.3

-2.828 34.2 38.1 33.7 98.7

-2.420 34.2 38.1 33.7 98.7

-1.793 33.0 39.3 33.7 -100



1 3 2

E. Induction Time

C hapter III h as  shown that there always exists an induction time before the 

surface tension of a  solution of surfactant shows a  significant d ec rease  with time. 

We have defined the induction time, tj, a s  the time for the reduction of the 

surface tension to be 1/11 of its value at meso-equilibrium, i.e., (y0 - yt) / ( yt 

- Ym) -  1/10, w here y0 is the surface tension of the pure solvent, Yt, th e  

surface tension at time t, and ym , the surface tension at meso-equilibrium.

Figures 48 and 49 show that the induction time ch an g es both with the 

structure of the surfactant and with the molar concentration of the surfactant in 

the solution. This ra ises the questions: (i) Why d o es the induction time change 

with th e  s tructu re  of a  su rfactan t?  (ii) W hat is the re lationship  betw een  

induction time and  surfactant concentration?

(1) A Simplified Picture of Dynamic Surface Adsorption

Surfactant m olecules begin to move from the bulk p h ase  to the freshly 

formed surface at time 0 , the time needed to arrive at the surface being dependent 

on (i) the sp eed  of diffusion from the bulk p hase  to the sub-surface, which is a 

layer just below the su rface; (ii) the d is tan ce  from the bulk p h a se  to the 

su b -su rfa c e ; (iii) th e  en e rg y  barrier for su rfa c e  ad so rp tio n  from the  

sub-surface to the surfacce.
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(2) Sem i-quantitative Criterion for Determing the M echanism  of Dynamic 

Surface Adsorption

In C h ap ter IV we su g g es ted  a  p aram eter, t*/ t2i to m easu re  the 

m echanism s involved in dynam ic surface adsorption. The param eter, t*. is a 

m easure of the relaxation time for diffusion in the bulk phase  and t2 is a m easure 

of the relaxation time for transfer from the sub-surf ace  to the surface. A larger 

ratio indicates that the diffusion p rocess is slower than the other, the  sm aller 

ratio indicates that the transfer m echanism  plays a  significant part. In the 

chem ical literature69-115, the dynamic adsorption of C 12E 0 7  or C 12E 0 8  is 

considered  to b e  a diffusion-controlled p rocess, the t*/ t2 value for which is

about 22 according to our work. Hence, if t* /12 is 22 or more, the m echanism

is considered  to be com pletely diffusion-controlled; on the o ther hand, the 

dynam ic adsorption of 1,9-nonanediol is considered80-81 to occur by a mixed 

m echanism  of diffusion in the bulk p h ase  and transfer to the surface, the t* / 12 

value of which we have found to be about 4.

(3) Mean Distance from Bulk P hase  to Surface

Addison3 suggested  a treatment to elucidate the surface tension change with 

time, in which he supposed  that the surfactant m olecules at a  surface of unit 

cross-sectional a rea  were drawn from a  disc of unit cross-sectional a rea  placed 

with one face in the surface. He then calculated the thickness of this disc, which 

we designate a s  m ean distance, d, from the bulk phase to the surface, a s  follows
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r eq

d - _______ IV -6)

C

w here r e q  is the equilibrium surface ex cess  concentration (approximately equal 

to the su rface  concentration) in mole/cm2 , C is the surfactant concentration in 

the bulk p h ase  in mole/cm3 . Obviously, param eter, d, changes with C and r e q. At 

a  fixed surfactant concentration, the value of d  is proportional to r e q . Addison's 

concept of d a s  the m ean distance from the bulk p h ase  to the surface provides a 

visual picture of the dynam ic adsorption process.

(4) Induction Time

Table XXV lists factors affecting the Induction time. To permit com parison, 

we have arranged the d ata  in four groups and  se t the surfactant concentration at 

7.9 x 10'® mole/ cm 3 , w here r e q  is a  maximum in all c a s e s  from the plot of y e q 

-log C. Values of the maximum surface excess, r m ax , are listed in Table XXV, 

together with values of d  calculated from rmax by u se  of equation v-6.

For th e  group of n-dodecyl e th e rs  of polyoxyethylenated alcohols, the 

diffusion coefficient, D, m ay d e c re a se  slightly from to C 12E 0 1 0 .

However, no g reat difference Is expected  betw een them  b e c a u se  the  diffusion 

coefficient depends mainly upon the average radius of the surfactant m olecule and 

the poiyoxyethylene chain is believed to be coiled in aqueous solution, hence the 

length of the  hydrocarbon controls the radius of the m olecule and  all of the 

com pounds in the first group have the sam e carbon chain length. C i 2 E 0 4  h as  the
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longest induction time for two reaso n s: (i) it h as  the largest m ean d istance, d, 

from the bulk p h ase  to the surface (Table XXV); (ii) the average value t*/t2 is 

lower than for the o ther m em bers (Tablel XXV), indicating that som e m echanism  

other than diffusion, possibly an energy barrier to adsorption, is significant in 

this c a se  and increases the value of tj. The induction time d ec rea ses  from 0 ^ 0 7  

to C i2 ^ 0 1 0  in Table XXV b ec au se  the m ean d istance, d, d ec re a se s  and tVtg 

in creases in that direction.

The second  and  third groups in Table XXV com pare the sodium  salts of 

sulfated n-dodecyl e thers of polyoxyethylenated alcohol in 0.1 N and  in 0.5 N 

NaCI. The diffusion coefficients, D, a re  all fairly close. The induction time in 0.5 

N NaCI is longer than in 0.1 N NaCI for two reasons: (i) a larger m ean distance, 

d, from the bulk p h ase  to the surface and (ii) a  sm aller av erag e  value t*/t2 in 

0.5 N NaCI (overcoming an energy barrier is more significant in 0.5 N NaCI than 

in 0.1 N NaCI).

The last g roup  in Table XXV is a com parison  of C ^ -  and  C 1 4 - 

N -a lk y l-N -b en zy l-N -m eth y lg ly c in es . T h e  C 14- com pound  h a s  a longer 

induction time than the C 12* b ecau se  of th ree reaso n s: (i) a  sm aller diffusion 

coefficient; (ii) a  larger m ean distance, d; (iii) a  sm aller f / tg  v a lu e .
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Table XXV

Factors Affecting Induction Time (C -  7.9 x 10'® mole/cm3)

System r max

x 1010 

mole / cm^

d x 10 3 

cm

Average

t* / t2

Relative 

Order of D

*i

CATgOv>

C 12E04 3.61 4 .5 7 1 7 .7 la rg est 2 .2

C 12E07 2 .9 0 3 .6 7 2 0 .8 0 .2 9

C 12E08 2 .5 2 3 .1 9 2 2 .4 0 .1 9

C 12EO10 2 .11 2 .6 7 3 1 .7 sm allest 0 .1 3

C12EOSNa 3.81 4 .8 2 2 3 .6 d o se 0 .8 8

in 0.1 N NaCI to each

C 12EOSNa 4 .4 1 5 .5 8 1 5 .7 o th e r 1 .8

in 0.5 N NaCI

C i2E 02SNa 3 .4 6 4 .3 8 2 3 .9 d o se 0 .51

in 0.1 N NaCI to each

C 12E0 2 SNa 3 .7 8 4 .7 8 1 8 .2 o th er 1 .6

in 0.5 N NaCI

C 12BMG 3 .0 7  3 .8 9  1 1 .5  la rg e r  1 .3

C 14BMG 4 .2 2  5 .3 4  7 .5  sm a lle r  4 .7
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(6) R ela tionsh ip  of Induction Time (tj) to Bulk P h a se  S urfac tan t Molar

Concentration (C)

For diffusion-controlled surface adsorption, a t very short surface age , the 

simplified Ward and Tordai equation can be used.

(rt)2nx  106
log tj -  lo g____________  - 2 log C [V-7]

4 D

w here l~( is the su rface  adsorption e x c ess  (approxim ately equal to surface 

concentration) at time t |( D is the bulk p h ase  diffusion coefficient, C is the bulk 

p h ase  surfactan t concentration in m ole/dm3 . Plots of log tj to log C should be 

linear with a  slope of 2 for a  diffusion-controlled adsorption. Figures 50 - 57 

show the plots of log t| to log C for ten system s, they are all linear. The slopes 

a re  -1.96 and -1.75 for C ^ E O S N a  in 0.1 N NaCI and  0.5 N NaCI, respectively; 

-2.11 and  -1.75 for C ^ E C ^ S N a  in 0.1 N NaCI and  0.5 N NaCI, respectively; 

-1.64 for D ESS in 0.1 N NaCI; -1 .44, -1 .73 , -1 .44, an d  -2 .06 for the  

nonionics (C 12EO4 , C 12EO7 , C 12E 08 , and C ^E O IO ) in water, respectively; and 

-1.88 for C 12BMG in water (pH 9). The values of the slopes for the  system s fall 

betw een  -1.4 to -2.1, this is b ec a u se  som e of sy stem s a re  not com pletely 

diffusion-controlled (C12E 0 4 , DESS in 0.1 N NaCI, C 12EOSNa and C 12E 0 2SNa in 

0.5 N NaCI, and  C ^ B M G ), and  also  b e c a u se  of experim ental erro r (The 

adsorption p rocess for C 12E 0 8  is diffusion-controlled, but the slope of the plot is 

-1.44). N evertheless a  linear plot of log tj versus log C with a  slope near 2 gives 

a  convenient estim ation for applications.
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E  An ex am p le .o f Application: Relationship of Dynamic Surface Tension to

W etting Time

Wetting on cotton skeins is considered a s  a  fast p rocess. We have tried to 

relate the wetting out times (WOT) to the dynamic surface tension of both highly 

purified an d  industrial su rfac tan ts . T he D raves-C larkson  Sinking T est, a s  

described in C hapter II, w as used in this work. The system s investigated w ere 14 

nonionics and  1 zwitterionic in distilled w ater and 7 anionics in 0.1 N NaCI. The 

nonionics w ere t-octylphenol, nonylphenol, and C 12.14 alcohols oxyethylenated 

with 7 to 12.5 m oles of ethylene oxide and included both pure, hom ogeneous 

com pounds and  com m ercial m ateria ls; n-octyl-2-pyrrolidone; dodecyl oxy­

ethy lenated  m ercaptan; and  methoxy term inated etheroxylated  silicones. The 

anionics included such  com m m ercial m aterials a s  the sodium  sa lts  of linear 

dodecy lb ezen esu lfo n ate , di-(2-ethylhexyl) su lfosuccinate , su lfated  oxyethyle­

nated  C i2 '  C 14 alcohol, secondary  C 12 and C 14 a lkanesu lfonates, and  two 

isomeric sodium  salts of sulfated oxyethylenated branched C^g alcohols with 5 

oxyethylene units.

Log WOT versus dynamic surface tension at 0.4  second, 1 second, and 10 

seconds for 23 surfactants at 71 concentrations, along with the  plots of log WOT 

v ersu s  a re  show n in Figure 58 -61 with da ta  listed in Table XXVI. There 

ap p ea rs  to b e  no correlation betw een wetting out time and  equilibrium surface 

tension, but a  fairly good correlation betw een the log of WOT and  dynamic surface 

tension at 1 second. The linearities of log WOT versus Y0.4 MC and Y10 sec a re  not



139

as  good as versus y^8.

Thus, in som e dynamic interfacial phenom ena, such a s  high sp eed  wetting, 

d a ta  at short surface ag e  (for exam ple, 1 second) rather than equilibrium data 

are better able to predict perfom ance.

From the  Figure 59, it ap p ea rs  that for a  wetting time of 25 seco n d s or 

less, the value of Yi8 should be 40 mN/m or less; for 10 seco n d s or less, 35 

mN/m or less.

The Draves wetting test is commonly conducted at a  concentration of 1.0 g/l. 

For su rfac tan ts  with m olecular w eight of 200-500, th is c o rre sp o n d s  to a 

concentration of 2-5 x10'3 m ole/dm 3 . For m aterials with CMC values below 5 x 

10*4 m ole/dm 3 , this te s t concentration is considerably above their C *l8 v a lu e  

and consequently  y l8 is close to the minimum value (at or above the CMC of 

the su rfactan t). The minimum y ^  value of th e  su rfac tan t will therefo re  

determ ine the wetting time.

For su rfac tan ts  with CMC values above the  (2-5 x 10*3 m o le /d m 3 ) 

concentration at which the test is conducted, the Yi# value will be not only above 

their minimum y * , value (at or above the CMC of the surfactan t) but also 

significantly above the  yeq value for the surfactant at the te s t concentration. 

C onsequently, th e se  surfactan ts will show high wetting time in the test, even if 

they reduce the surface tension to low values above their CMC.
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Table XXVI

Wetting and Surface Tension

Surfactant C Log WOT Y lsec Yeq

(g/1) mN/m mN/m

C 12E 07 1.00 0.77 36.2 33.6

0.50 1.23 38.2 33.6

0.25 1.68 42.4 33.6

C 12E 08 1.00 0.92 40.1 34.6

0.50 1.30 41.6 34.6

0.25 1.72 43.0 34.6

CO720 1.00 1.36 38.4 33.2

0.50 1.81 42.2 33.2

0.25 2.33 47.5 33.0

CO630 1.00 0.98 35.4 31.3

0.50 1.50 38.7 31.3

0.25 2.07 44.6 31.3

CA620 1.00 1.07 35.0 29.4

0.50 1.47 36.0 29.3

0.25 1.89 40.9 29.2

CA630 1.00 0.97 35.5 . . .

0.50 1.41 38.8 30.4



Table XXVI (continued)

Wetting and Surface Tension

Surfactant C

(0/ 1)

Log WOT Y lsec
mN/m

Yeq
mN/r

0.38 1.62 40.1 30.2

0.25 2.13 44.3 29.3

CA720 1.00 1.26 39.2 33.4

0.50 1.76 48.0 32.7

0.25 2.75 48.0 31.2

C14E 09 1.00 1.78 43.4 37.0

0.75 1.84 45.0 37.0

0.50 2.02 46.7 37.0

0.25 2.81 52.9 37.0

LAS(0.1 N NaCI) 1.00 0.90 35.1 30.2

0.50 1.23 37.8 30.2

0.25 1.77 40.3 30.6

N25(0.1 N NaCI) 1.00 1.32 38.2 32.4

0.50 1.69 41.5 32.4

0.25 2.10 45.3 32.7

C 12SAS(0.1 N NaCI) 1.00 1.96 41.2 31.0
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Table XXVI (continued)

Wetting and Surface Tension

Surfactant C Log WOT Y lsec Yeq

(g/1) mN/m mN/m

2.00 0.59 35.1 31.5

C 14SAS(0.1 N NaCI) 0.49 0.66 34.7 31.2

0.25 1.81 38.2 31.6

DESS (0.1 N NaCI) 1.00 0.48 28.0 25.7

0.50 0.72 29.3 25.8

0.25 1.06 31.7 25.8

0.09 2.46 45.5 28.6

C16LQS04Nb 1.00 1.09 38.2 30.2

(0.1 N NaCI) 0.50 1.41 43.9 30.2

0.25 1.79 52.3 30.2

C16BGS04Na 1.00 0.84 32.2 28.6

(0.1 N NaCI) 0.50 1.16 35.9 28.6

0.25 1.60 43.1 28.6

COMB 1.50 1.59 38.0 32.7

1.00 1.73 39.4 32.6

0.50 1.96 42.2 32.0

S-260 1.00 1.11 36.7 28.6

0.50 1.43 38.5 28.6
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Table XXVI (continued)

Wetting and Surface Tension

Surfactant C Log WOT Y lsec Yeq

(g/1) mN/m mN/m

0.25 1.91 43.3 28.6

S-SK 1.00 0.87 32.7 29.4

0.50 1.38 37.3 29.1

0.25 2.01 42.2 ■ 29.4

S-218 1.00 0.91 34.2 30.4

0.50 1.53 37.1 30.3

0.25 2.39 44.0 30.3

L7600 1.00 2.38 47.9 25.1

0.50 2.80 55.3 26.0

0.25 3.32 60.4 26.4

L7607 1.00 1.52 37.8 23.4

0.50 2.08 44.9 23.8

0.25 3.11 52.9 24.2

TM N-6 1.00 0.68 31.1 26.8

0.50 1.29 34.6 27.8

0.25 2.56 42.7 28.6
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Table XXVI (continued)

Wetting and Surface Tension

Surfactant C Log WOT Y lsec Yeq

(g/1) mN/m mN/m

CgPY 1.00 0.54 33.1 30.8

0.75 1.24 38.4 34.1

0.50 2.67 44.0 38.7
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Figure 1

Figure 1 

Figure 2. 

Figure 3.

Figure 4.

Figure 5.

Legend of Figuree

(a) Block diagram  of maximum bubble p ressu re  apparatus.

1. N2 g a s  cylinder regulator; 2. Capillary for stabilizing g a s  flow; 

3. Flow control m eter; 4. Sam ple b eak er and  capillary; 5. G as 

p ressu re  transducer; 6 . Com puter; 7. Printer.

(b) C om puter printout of signal from transducer.

Calibration curve of transducer: voltage to pressure.

Calibration cun/e: voltage to surface tension.

R adius of the capillaries : ( 1 ) 0  0.088 mm, (2) ^  0 .135 mm,

(3) ■  0.238 mm, (4) £> 0.318 mm.

Reproducibility of dynam ic surface tension data .

(a) Yt vs. log t curve for aqueous 5.844 x 10'4 m o le /d m 3 solution 

of DESS in w ater at 25 °C . The symbols, ^  -f" Q *  represent the 

data m easured on three consecutive days.

(b) yt vs. log t curve for aqueous solution of C 12SN a at 25 °C  at 

co n cen tra tio n : 3 .0 1 2  x 10 ‘3 m o le /d m 3 ’ m e a su re d  on two 

consecutive days ( 0 ^ ) ;  6.024 x10 3 mole/dm 3 , m easured  on two 

consecutive days ( ^ Q ) .

(c) Ytv s- loQ t curve for aq u eo u s 6.58 x 10‘3 m o le /d m 3 solution 

(pH 9) of C 14BMG , m easured  by u se  of two capillaries. R adius of 

capillaries: Q  0.24 mm; ^  0.32 mm.

C onvergence of dynam ic su rface  tension  va lues to that of the 

solvent. 0  C 1 2 E 0 4  in w ater (1.94 x 10*5 m o le /d m 3 ), ^  

C 12E 0 4  in w ater (3.24 x 10 5 m o le /d m 3 ), ^  C 12PY in w ater
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Figure 6.

Figure 7.

Figure 8. 

Figure 9.

(9.59 x 10‘5 m o le /d m 3), Q  C 12EOSNa in 0.5 N NaCI ( 5.99 x 

1 0 '5 m o le /d m 3 ), X  C 12E 0 2 SN a in 0.5 N NaCI (4.11 x 10 5 

m o le /d m 3 ).

Com parison betw een dynam ic su rface  tension m easu red  by the 

maximum bubble p re ssu re  app roach  and  the  equilibrium d a ta  

m easured by the Wilhelmy plate method.

(a) Q  C8 PY in w ater (6.53 x 1 0 3 m ole/dm 3), ^  C 10SN a in 0.1 

N NaCI (6.35 x 1 0 3 m ole/dm 3), Q  C 10SN a in 0.1 N NaCI (1.60 

x 10-2 m o le /d m 3 ). N um bers in p a re n th e se s  a re  th e  equilibrium 

surface tension values.

(b) □  DESS in 0.1 N NaCI (1.15 x 10 2 m o le /d m 3 ), ^  

C 12BMQ in w ater, pH 9 (3.23 x 10 3 m ole/dm 3), Q  C12S 0 4Na in 

w ater (5.06 x 10 '2 m o le /d m 3 ), ^  C 12E 0 2 SN a in 0.5 N NaCI 

(9.00 x 10-3 m o le /d m 3 ).

N um bers in p a re n th e se s  a re  the equilibrium su rface  tension  

values.

G eneralized  dynam ic su rface  tension , Yt, vs. log time, t, curve - 

R egion I: induction; R egion II: rap id  fall; R egion III: m eso- 

equilibrium; Region IV: equilibrium.

Diagram  illustrating relationship of (Y o-Y t)t0 (Yo_ Ym)- 

Model curve of equation 111-1.

(a) For n -2 ,  t* -  0 .67 s, (Yo- Ym) ®C|uals (I) 10.0 mN/m, (II) 

19.4 mN/m, (HI) 38.8  mN/m.

(b) For n -2 ,  (Yq- Ym) ■ 19 4 nnN/m, t* eq u a ls  (I) 0.67 s, (II)
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FigurelO.

Figure 11.

Figure 12.

Figure 13.

F igu re14 .

Figure 15.

0.33 s, (MI) 0.23 s.

(c) For (y0 - Ym) -  19-4 mN/m, (I) f  = 0 .67  s . n - 2 ,  (II) t* -  

0 .33  s , n -1 ,  (III) t* -0 .2 3  s. n = 0.5.

An exam ple of the validity of equation Mi-1 and III-6 .

(a) Yt vs. log t curve for aqueous solution (pH 9) of C ^B M G  in log 

C Q  -2 .992, O  -3 .224. Q  3.410, A  -3.525, #  - 3 . 7 0 1 , 0

-3 .826 , ^  -4 .108 . Solid lines calculated by equation III-1

using constants from Table IX .

(b) log (Yo* Yt)7 (Yr Ym) vs ,09 *• lo9 c  in water eq u als Q  

-2 .992, o  -3 .224, ^  -3.410. 0  -3.525. A  -3 .701, (t> -3.826,

^  -4.108. Solid lines are drawn using least squares constants  

from Table IX.

Typical plot of Ytv s - lo9 C at constant times, together with Yeq y s- 

log C for C i 2 ^ 0 8  in water, 25 °C . Fixed time: (1) 0 .3 2  s, (2) 

1.00 S, (3) 3 .16  s, (4) 10.0 s. (5) 20.0 s . (6) 3 1 .6  S, (7) 100  

s.

Relationship of log f* and log (o0 to log C. ^  S ystem s C 12E 0 7 ,  

C 12EO8 , and C 12EO10 in present work, a  S ystem s C ^ E O O , 

C 14EO6 in reference 121.

Relationship of surface elasticity to surfactant concentration, C for 

C t2 E 0 4 . The insert figure is for C t2E 0 3  in reference 122.

Maximum surface elasticity vs. surfactant concentration, C, in 

m ole/dm 3 , for nonionics C ^ E O X .

Maximum surface elasticity v s. surfactant concentration, C, in
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m oie/dm 3 , for zwitterionic C 12BMG.

Figure 16. Maximum surface  elasticity vs. su rfactan t concentration , C, in 

m ole/dm 3 , for zwitterionic C 14BMG.

Figure 17. Maximum surface elasticity vs. su rfactan t concentration , C, in 

m ole/dm 3, for anionic DESS in water.

Figure 18. Maximum surface  elasticity vs. su rfactan t concen tration , C, in 

mole/dm 3, for anionic DESS in 0.1 N NaCI.

Figure 19. Maximum surface  elasticity vs. su rfactan t concentration , C, in 

mole/dm3, for anionic C 12EOSNa in 0.1 N NaCI.

Figure 20. Maximum surface  elasticity vs. su rfactan t concentration , C, in 

mole/dm3, for anionic C 12EOSNa in 0.5 N NaCI.

Figure 21. Maximum surface elasticity vs. su rfactan t concen tration , C, in 

mole/dm3, for anionic C 12E 0 2SNa in 0.1 N NaCI.

Figure 22. Maximum surface  elasticity vs. su rfactan t concentration , C, in 

mole/dm3, for anionic C 12E 0 2SNa in 0.5N NaCI.

Figure 23. Maximum surface  elasticity vs. su rfactan t concentration , C, in 

m ole/dm 3, for anionic C 12SNa in 0.1 N NaCI.

Figure 24. Linear relationship of log f* to log of surfactant concentration, C, in 

m ole/dm 3, for C 12EO4 .

Figure 25. Linear relationship of log f* to log of surfactant concentration, C, in 

m ole/dm 3 , for C 12E 0 7 .

Figure 26. Linear relationship of log f* to log of surfactant concentration, C, in 

m ole/dm 3, for C 12E 0 8 .

Figure 27. Linear relationship of log f* to log of surfactant concentration, C, in
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mole/dm3, for C i 2EO10.

Figure 28. Linear relationship of tog f* to log of surfactant concentration, C, 

in mole/dm3 , for C 12BMG.

Figure 29. Linear relationship of log f* to log of surfactan t concentration, C, 

in mole/dm3 , for C ^B M G .

Figure 30. Linear relationship of tog f* to log of surfactan t concentration, C, 

in mole/dm3, for C 12EOSNa in 0.1 N NaCI.

Figure 31. Linear relationship of log f  to log of surfactan t concentration, C, 

in mole/dm3 , for C 12EOSNa in 0.5 N NaCI.

Figure 32. Linear relationship of log f* to log of surfactan t concentration, C, 

in mole/dm3 , for C12E 0 2SN a in 0.1 N NaCI.

Figure 33. Linear relationship of log f* to log of surfactan t concentration, C, 

in mole/dm3 , for C 12E 0 2SN a in 0.5 N NaCI.

Figure 34. Linear relationship of log f* to log of surfactan t concentration, C, 

in mole/dm3 , for DESS in water.

Figure 35. Linear relationship of log f* to log of surfactan t concentration, C, 

in mole/dm3 , for DESS in 0.1 N NaCI.

Figure 36. Linear relationship of log f* to log of surfactan t concentration, C, 

in mole/dm3 , for C 12SN a in 0.1 N NaCI.

Figure 37. Generalized plot for the definitions of C * i, and C*m.

Figure 38. Relationship of Ay1g at CMC to log CMC

Figure 39. Relationship of Ay1g at C*1t to C*i$.

Figure 40. Effect of electrolyte on dynamic surface tension at 1 second, Yi 8,



Figure 41. 

Figure 42.

Figure 43.

Figure 44.

Figure 45 

Figure 45 

Figure 46.

Figure 47.

Figure 48.

Figure 49.

1 5 0

versus log C for C ^ E O S N a  in water ( Q ) ,  in 0.1 N NaCI ( ^ ) ,  and 

in 0.5 N NaCI ( - f  ).

Effect of electrolyte on dynam ic surface tension at 1 second, Y u- 

versus log C for C ^ E C ^ S N a  in water ( Q ) ,  in 0.1 N NaCI ), 

and in 0.5 N NaCI ( - f  ).

Effect of dodecyl alcohol on the dynam ic su rface  tension  of 

C ^SCW N a in water. Molar ratio of alcohol / surfactant -  1: 10.

(a) ^ Y i s versus log C for the mixture of C ^ S C ^ N a  and  C 12O H, 

together with Q  Yeq versus log C;

(b) ^  Yios versus log C for the mixture of C -^S C ^N a and C 12OH, 

together with Q  Yeq versus log C.

Effect of EO num ber on dynam ic surface tension at 1 second  for 

C 12EOX: ^  C 12E 04, Q C 12E 07. Q C 12E 08, ^  C 12E010.

Effect of EO num ber on dynam ic surface tension at 1 second  for 

C 12EOxSNa in 0.1 N NaCI: Q  x-1 , ^  x-2.

(a) Relationship of PC20 (1s) ,0 Pc 20 (eq)* curve-fitting.

(b) R elationship of PC20 (1s) ,0 P^20(eq)>  linear line-fitting. 

Relationship of log of meso-equilibrium time at C*m t*m , to log of 

surfactant concentration, C in mole/dm3 .

Maximum surface p re ssu re  at meso-equilibrium  v ersu s  maximum 

equilibrium surface p ressu re .

Structural effect on induction time: su rface  tension  at tim e, t, 

versus log t (in second) for C ^ E 0 4  and C ^ E O S  at log C, -4.2. 

Concentration effect on induction time: su rface  tension a t time, t,
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v ersu s  log t (in seco n d s) for C 1 2 E 0 4  at log C : Q -4 .7 1 2 , f  

-4.490, +  -4.286, ^  -3.985.

Figure 50. Linear relationship of log of induction time, tj , to log of surfactant 

concentration, C in m ole/dm3 , for system s of C 12EOSNa in 0.1 N 

NaC' and n.5 N NaCI.

Figure 51. Linear relationship of log of induction time, tj , to log of surfactant 

concentration, C in mole/dm3 , for system s of C 12E 0 2SN a in 0.1 N 

NaCI and 0.5 N NaCI.

Figure 52. Linear relationship of log of induction time, tj, to log of surfactant

concentration, C in mole/dm3, for DESS in 0.1 N NaCI.

Figure 53. Linear relationship of log of induction time, tj, to log of surfactant

concentration, C in mole/dm3, for C 12E 0 4 .

Figure 54. Linear relationship of log of induction time, tj, to log of surfactant

concentration, C in mole/dm3 , for C 12E 0 7 .

Figure 55. Linear relationship of log of induction time, tj, to log of surfactant

concentration, C in mole/dm3 , fo rC 12E 0 8 .

Figure 56. Linear relationship of log of induction time, tj, to log of surfactant

concentration, C in mole/dm3, for C 12E 0 1 0 .

Figure 57. Linear relationship of log of induction time, tj, to log of surfactant

concentration, C in mole/dm3 , for C 12BMQ (pH 9).

Figure 58. Relationship of log of wetting time (in seconds) to surface tension

at 0.4 second.

Figure 59. Relationship of log of wetting time (in seconds) to surface tension at 

1 second.
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Figure 60 . R elationship  of log of wetting tim e (in se c o n d s) to  su rfa c e  tension  at 

10 seconds.

F igure 6 1 . R e la tio n sh ip  of log of w etting tim e (in s e c o n d s )  to  equilibrium  

su rface  tension .
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Figire 49
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Figure 50
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Figure 52
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Figure 58
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Figure 59
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Figure 60

4

- 2.5955 ♦ 0.11857x R*2 -  0.585

3

2

1

0
20 30 40 50 60

S ur face  Tens ion  at  10 Sec.
(mN/m)



LO
G 

W
OT

 
(in

 
se

c.
)

197

Figure 61

4

3

2

1

0
20 2 5 3 0 3 5 4 0

E q u il ib r iu m  S u r f a c e  T e n s io n  
(mN/m)



1 9 8

Appendix 1

Calculation of Apparent Diffusion Coefficient

The simplified Ward and  Tordai equation w as used  for calculation of the 

apparent diffusion coefficient at the induction time:

r t -  2 (Da p /7 t l '2 )(C t l /2 )  ( A . - , ,

where r t is the surface concentration at time t, Dap is the diffusion coefficient, C 

is the concentration in the bulk phase  of the solution, n  is 3.1416.

The Langmuir equation w as used in the calculation of r t in the equation 1, 

b a s e d  on the assum ption  that the sub-surface  and  a d so rb ed  film is in 

equilibrium .

r'max (& C8)
n - ------------------------- l A- 2)

(1 + b Cs )

where Tmax is maximum adsorption in static condition, which can be obtained 

from equilibrium surface tension data, b is a constant, which can  be  obtained 

from the equilibrium surface tension data  by the Szyszkowski equation, Cs is the 

concentration of a  surfactant in the sub-surface at time t, which can be  obtained 

from the dynamic surface tension data by use  of the Szyskowski equation.

The Szyskowski equation describes the relationship of equilibrium surface 

tension and the surfactant concentration:

Yo_ Yeq “  HmaxRY In (1 + b C) (A -3 ]

where Yois ,he surface tension of solvent.

When the Szyskowski equation is used  for calculation of C ,  , it becomes
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Y o-Y t-  r maxRTIn (1 + b C s ) [ A - 3 1]

T he a ssu m p tio n  implied in this equa tion  is that the equilibrium is 

instantaneously established between sub-surface and adsorbed Film.
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Appendix 2

Determining the Radius of the Capillary For Use in the Maximum 

Bubble Pressure Apparatus

O ne method to determine the radius of a capillary is by measuring the 

re sponse  of the transducer to pure water for a  certain capillary at 25 °C. To 

avoid the correction for the immersion of the capillary under the liquid surface, 

the tip of the capillary is placed just at the water surface. The reading in voltage 

is convered  to dyne/cm by use  of the transducer constant, supplied by the 

manufacturer. The Laplace equation is used  in the calculation:

Ap  -  _______  [ 1 ]

r

where y  is the surface tension, r the radius of a  capillary, Ap the maximum 

pressure  difference between the bubble and the atmosphere. When the surface 

tension of pure water is known, the radius of a  capillary can be calculated simply 

by measuring Ap, which can be obtained from the response of the transducer. 

Thus,

2 x 72.0 dyne/cm

r-___________________________________________________________________

reading (v) x 2.999 (W.H.in IN/ v) x 2.4908 x 103 d y n e /c m 2 IN

(2)
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where W.H. is the water column height in inch, IN is inch, V is voltage, r is the 

radius of the capillary. Multiplying the reading in voltage by the transducer 

constan t,  2.999 W.H. in IN per voltage, converts its unit to W.H. in IN; 

multiplying the factor, 2 .4908 x 103 d y n e / c m 2 IN, converts  the unit to 

dyne/cm. Thus, the denominator in equation 2 is Ap in dyne/cm2, the surface 

tension of pure water at 25 °C is 72.0 dyne/cm.
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Appendix 3: Data Tables

Data in Appendix 3 were m easured  at 25 °C. The symbols are: y l8 , su r fa ce  

tension at 1 second; ym , surface tension at meso-equilibrium; Ye q , s u r f a c e  

tension at equilibrium. C. surfactant concentration in mole/dm^.

Table A-I

Dynamic and Equilibrium Surface Tension of C^ECM in Water

Lag C Y u  Ym Yeq

mN/m mN/m  mN/m

- 4 . 7 1 2 7 2 .0 4 7 .0 3 9 .2

- 4 . 4 9 0 7 1 .8 4 0 .3 3 4 .8

- 4 . 2 8 6 7 0 .6 3 4 .6 3 0 .7

- 4 . 1 8 9 7 0 .0 3 1 .3 2 8 .6

• 3 . 9 8 5 6 9 .5 2 8 .8 2 8 .6

- 3 . 8 8 8 6 9 .5 2 8 .8 2 8 .6

- 3 . 4 9 0 6 2 .3 2 7 .7 2 8 .6
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Table A- II

Dynamic and Equilibrium Surface Tension of C ^ E O T  in Water

y1f Ym Yeq

m N /m  mN/m  mN/m

- 4 .5 3 6 7 0 .9 45 .1 4 1 .0

- 4 . 2 3 5 6 6 .7 3 9 .3 3 6 .0

- 3 . 9 8 6 5 9 .5 3 6 .9 3 3 .6

- 3 . 5 3 6 45 .1 36 .1 3 3 .6

- 3 . 2 7 7 4 2 .0 3 5 .7 3 3 .6

- 2 . 9 4 4 3 8 .2 3 5 .0 3 3 .6

- 2 . 6 0 8 3 5 .6 3 4 .4 3 3 .6

- 2 . 4 2 4 3 5 .6 3 4 .4 3 3 .6
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Table A- III

Dynamic and Equilibrium Surface Tension of C 12E 0 8  in Water

y1s Ym Yeq

m N /m  m N/m  mN/m

- 4 . 5 7 7 7 0 .2 5 1 .5 4 3 .3

- 4 . 3 2 5 No 4 6 .7 3 9 .6

- 4 .2 0 1 65.1 41 .3 3 7 .9

- 3 . 9 8 6 5 8 .7 3 9 .0 3 4 .9

- 3 . 7 2 3 4 7 .2 3 8 .2 3 4 .6

- 3 . 3 0 6 43 .1 3 7 .6 3 4 .6

- 2 . 7 0 4 4 0 .0 3 7 .6 3 4 .6

- 2 . 4 2 4 3 7 .1 3 6 .4 3 4 .6
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Table A-IV

Dynamic and Equilibrium Surface Tension of C 12EOIO in Water

LoqC Yl s Ym Yeq

m N /m  mN/m  mN/m

- 4 . 4 7 5 7 0 .4 48 .1 4 3 .8

- 4 . 2 5 3 6 6 . 2 4 5 .5 4 1 .0

- 3 . 9 8 6 58 .1 4 1 .4 3 7 .7

- 3 . 7 3 0 52 .1 4 0 .8 3 7 .0

- 3 . 4 7 5 4 6 .3 4 0 .7 3 7 .0

- 3 . 1 2 3 4 3 .3 4 0 .5 3 7 .0

- 2 . 7 8 8 4 1 .0 3 9 .0 3 7 .0

- 2 . 4 8 7 4 0 .4 3 9 .0 3 7 .0
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Table A-v

Dynamic and Equilibrium Surface Tension of C ^B M G  in Water (pH 9)

LAflC Yl# Ym Yeq

m N /m  mN/m  m N/m

- 4 . 1 0 8 7 0 .7 4 8 .4 4 6 .6

- 3 . 8 2 6 6 4 .5 4 4 .8 4 1 .9

- 3 .7 0 1 5 9 .0 41 .9 3 9 .8

- 3 . 5 2 5 4 8 .6 3 9 .9 3 6 .8

- 3 . 4 1 0 4 3 .6 3 7 .3 3 4 .9

- 3 . 2 4 4 3 6 .7 3 4 .8 3 2 .8

- 2 . 9 9 2 3 6 .5 3 4 .6 3 2 .8

- 2 . 7 9 2 3 5 .0 3 3 .9 3 2 .8

- 2 . 4 1 9 3 3 .9 3 2 .9 3 2 .8



2 0 7

Table A VI

Dynamic and Equilibrium Surface Tension of C 14BMG in Water (pH 9)

LoflC Yu  Ym Yeq

mN/m  m N /m  m N /m

- 4 . 4 7 8  t o  3 9 .5  3 8 .4

- 4 . 2 9 4  t o  3 6 .4  3 3 .9

- 4 . 2 6 8  t o  3 6 .0  3 3 .5

- 4 . 2 1 9  t o  3 5 .4  3 2 .2

- 4 . 1 2 7  >71 3 3 .4  3 1 .7

- 3 . 9 9 3  71 3 2 .6  3 1 .7
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Table A-vn

Dynamic and Equilibrium Surface Tension of C ^ C ^ N a  in water

LogC Y u  Ym Yeq

mN/m  mN/m mN/m

- 2 . 4 1 9 5 3 .2 5 2 .8 4 9 .8

- 2 . 2 7 8 4 9 .6 4 9 .2 4 5 .4

- 2 . 1 0 2 4 4 .0 4 3 .0 3 9 .4

- 2 . 1 5 2 4 2 .0 4 2 .0 3 9 .4

-1 . 9 7 9 3 9 .6 3 8 .9 3 9 .4

-1 . 8 0 3 41 .6 40 .1 3 9 .4

- 1 . 5 9 7 4 0 .4 3 9 .7 3 9 .4

- 1 . 2 9 6 4 0 .0 3 9 .3 3 9 .4
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Table A-Vlll

Dynamic and Equilibrium Surface Tension of C ^ E O S N a  in water

LogC Yls

mN/m

Ym

mN/m

Yeq

m N/m

- 2 .7 3 1 5 5 .7 5 4 .0 4 9 .4

- 2 . 6 0 7 5 0 .5 4 8 .6 4 5 .3

- 2 . 4 3 0 4 3 .0 4 1 .5 3 9 .8

- 2 . 2 7 0 4 3 .0 4 1 .5 3 9 .2

- 2 . 1 7 4 l*> 3 9 .8 3 9 .2

- 2 . 0 9 4 4 0 .4 39 .1 3 9 .2

- 1 . 7 9 3 4 0 .4 39 .1 3 9 .2
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Table A-IX

Dynamic and Equilibrium Surface Tension of C ^ E O S N a  in Aqueous 0.1 N NaCI

L°Q C Yl s Ym Yeq

mN/m  mN/m mN/m

- 3 . 7 1 3 6 3 .2

- 3 . 5 2 7 5 7 .3

- 3 . 4 3 0 5 3 .5

- 3 . 3 0 5 4 5 .0

- 3 . 1 2 9 4 1 .4

- 2 . 8 2 8 3 5 .8

- 2 . 4 2 0 3 4 .6

-1 . 7 9 3 3 5 .8

4 6 .7 4 1 .8

4 3 .4 3 7 .6

4 0 .9 3 5 .3

3 5 .5 3 3 .7

3 6 .3 3 3 .7

3 4 .2 3 3 .7

3 4 .2 3 3 .7

3 3 .0 3 3 .7



Table A-X

Dynamic and Equilibrium Surface Tension of C ^ E O S N a  in Aqueous 0.5 N NaCI

LoflC Y u  Ym Yeq

m N/m  mN/m  mN/m

- 4 . 2 2 3  7 2 .0  4 5 .5  3 9 .0

- 3 . 9 2 2  6 8 .5  39 .1  3 0 .6

- 3 . 4 7 1  5 3 .9  3 0 .9  3 0 .6

- 3 . 1 0 7  3 8 .5  3 1 .2  3 0 .6

- 2 . 7 3 1  3 3 .0  3 0 .6  3 0 .6

- 1 .9 6 1  33.1 32 .0  3 0 .6
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Table A-XI

Dynamic and Equilibrium Surface Tension of C ^ E ^ S N a  in water

Lo q C y 1s Ym Yeq

m N /m  mN/m  mN/m

- 2 . 7 7 7  5 2 .9  51 .1  4 7 .9

- 2 . 6 5 2  4 8 .5  4 6 .4  4 4 .5

- 2 . 4 7 6  4 3 .6  4 2 .9  4 1 .4

- 2 . 2 9 4  4 4 .0  4 3 .4  4 1 .4

- 2 . 0 4 4  4 3 .5  4 2 .5  4 1 .4

- 1 . 6 9 2  4 2 .4  4 1 .2  41 .4
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Table A-XII

Dynamic and Equilibrium Surface Tension of C ^ E C ^ S N a  in Aqueous 0.1 N NaCI

LagC Yls Ym Yeq

m N /m  m N /m  mN/m

- 3 . 8 7 4 6 6 .4 4 4 .8 4 2 .7

- 3 . 6 5 2 6 0 .7 4 5 .3 3 8 .3

- 3 . 5 9 0 5 6 .4 41 .9 3 6 .9

- 3 . 4 7 6 4 8 .9 3 6 .8 3 5 .6

- 3 . 1 7 5 4 0 .7 3 6 .2 3 5 .6

- 2 . 4 7 6 39 .1 3 6 .6 3 5 .6

- 2 . 0 1 8 3 8 .5 3 6 .6 3 5 .6
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Table A-XIII

Dynamic and Equilibrium Surface Tension of C ^ E C ^ S N a in Aqueous 0.5 N NaCI

Y1s Ym Yeq

m N/m  mN/m mN/m

- 4 . 3 8 7 7 2 .6 4 4 .5 4 1 .3

- 4 . 0 7 0 7 0 .6 4 0 .7 3 4 .9

- 3 . 8 0 7 6 4 .0 3 4 .6 3 2 .9

- 3 . 5 0 6 5 4 .7 3 4 .9 3 2 .9

- 3 . 2 8 4 4 7 .2 3 4 .9 3 2 .9

- 3 . 0 2 9 4 1 .1 3 4 .6 3 2 .9

- 2 . 4 7 6 3 6 .7 3 4 .4 3 2 .9

- 2 . 3 4 7 3 3 .2 3 4 .4 3 2 .9

- 2 . 0 4 6 3 3 .2 3 4 .4 3 2 .9
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Table A-XIV

Dynamic and Equilibrium Surface Tension of DESS in water

LoflC Y1 s Ym Yeq

m N /m  m N /m  m N /m

- 3 . 4 7 6  5 9 . 5  5 2 . 6  4 5 . 7

- 3 . 2 3 3  4 9 . 5  4 7 . 1  4 1 . 0

- 3 . 0 4 4  4 2 . 6  4 0 . 5  3 7 . 3

- 2 . 9 0 2  3 8 . 7  3 6 . 6  3 4 . 7

- 2 . 6 1 0  3 1 . 6  3 1 . 0  2 9 . 7

- 1 . 9 4 1  29 .4  29 .3  2 9 .7
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Table A-XV

Dynamic and Equilibrium Surface Tension of DESS in Aqueous 0.1 N NaCI

LogC Yis

mN/ m

Ym

mN/ m

Yeq

mN/ m

- 3 . 9 1  1 6 0 . 6 3 2 . 1 3 1 . 7

- 3 . 8 3 2 5 6 . 3 31 .0 3 0 . 6

- 3 . 7 0 7 4 3 . 0 2 9 . 7 2 8 . 8

- 3 . 6 1 0 3 6 . 9 2 8 . 0 2 7 . 6

- 3 . 4 7 6 3 1 . 3 2 6 . 2 2 5 . 9

- 3 . 2 3 3 2 8 . 2 2 6 . 7 2 5 . 6

- 3 . 0 8 7 2 7 . 2 2 6 . 2 2 5 . 6

- 2 . 9 7 3 2 7 . 0 2 6 . 2 2 5 . 6

- 2 . 4 1 8 2 6 . 5 2 5 . 2 2 5 . 6

-1 . 9 4 1 2 5 . 6 2 5 . 6 2 5 . 6
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Table A-XVI

Dynamic and Equilibrium Surface Tension of C ^ N a  in Aqueous 0.1 N NaCI

L*gC  Y is  Ym Yoq

mN/ m mN/ m mN / m

- 3 . 5 2 9 61 .9 5 5 . 3 5 5 . 4

- 3 . 4 3 2 5 6 . 5 5 3 . 0 5 3 . 4

- 3 . 2 7 7 5 3 . 9 5 0 . 3 5 0 . 4

- 3 . 1 9 8 4 9 . 7 4 7 . 6 4 8 . 5

- 2 . 9 1 9 4 6 . 4 4 3 . 3 4 2 . 3

- 2 . 7 7 3 4 2 . 4 4 0 . 6 3 9 . 0

- 2 . 6 6 4 4 0 . 8 3 8 . 6 3 6 . 6
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Table A-xvii

Dynamic and Equilibrium Surface Tension of n-CgPY in Water

LogC Y is Ym Yeq

mN/ m mN/ m mN / m

- 2 . 1 8 5 2 9 . 0 2 8 . 8 2 9 . 0

- 2 . 3 0 1 3 5 . 0 3 4 . 2 3 0 . 8

- 2 . 6 0 2 4 4 . 0 4 2 . 2 3 8 . 7

- 3 . 0 0 0 5 4 . 2 5 1 . 8 4 8 . 7

- 3 . 3 6 3 6 2 . 8 5 6 . 9 No

Table A-XVIII

Dynamic and Equilibrium Surface Tension of n C ^ P Y  in Water

LogC Y is Ym Yeq

mN/ m mN/ m mN / m

- 4 . 0 1 8  7 0 . 8  No 4 5 . 3

- 3 . 5 9 8  6 7 . 7  No 3 4 . 7

- 3 . 4 9 6  6 4 . 5  No 3 2 . 2

•3 . 3 6 2  46 .3  No 28 .6
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Table A-XIX

Dynamic and Equilibrium Surface Tension of C ^ S N a  in Water

LogC y1s Ym Yeq

mN/ m mN/ m mN/ m

-1 . 8 5 3 6 0 . 2 5 8 . 8 5 7 . 5

- 1 . 6 7 7 5 4 . 4 5 3 . 2 5 1 . 8

-1 . 5 0 0 4 7 . 6 4 6 . 8 4 5 . 5

- 1 . 3 7 5 4 3 . 6 4 3 . 3 4 1 . 5

-1 . 0 0 0 41 .6 41 .0 4 1 . 0

- 0 . 5 2 3 4 0 . 0 3 9 . 3 Nd

- 0 . 3 0 1 3 9 . 2 3 8 . 7 No
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Table A-XX

Dynamic and Equilibrium Surface Tension of C 10SNa in Aqueous 0.1 N NaCI

y i s  Ym Yeq

mN / m  mN/ m mN / m

- 2 . 0 7 4  5 1 . 3  5 0 . 4  4 7 . 7

- 1 . 8 5 3  4 6 . 4  4 5 . 7  4 3 . 2

- 1 . 6 7 7  4 2 . 8  4 2 . 0  3 9 . 6

- 1 . 3 7 5  4 1 . 8  4 1 . 2  3 9 . 4

- 1 . 0 0 0  4 1 .6  4 1 .0  No
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Table A-XXI

Dynamic and Equilibrium Surface Tension of C^qBMG in Water (pH 9)

LogC Yis

mN/ m

Ym

mN/ m

Yeq

mN/ m

- 2 . 9 7 7 5 2 . 1 4 9 . 5 4 5 . 5

- 2 . 5 7 9 4 3 . 5 4 2 . 0 3 8 . 0

- 2 . 2 7 8 3 7 . 6 37 . 1 3 3 . 6

- 2 . 1 1 3 3 6 . 7 3 6 . 3 3 3 . 6

-1 . 7 0 2 3 6 . 1 36 . 1 Nb

-1 . 4 4 6 3 5 . 7 3 5 . 3 No
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