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Abstract 
Dimensional  analysis  of the de tergency process 

has been extended f rom soi l -surfactant  systems 
which contain a single polar  soil to those with 
b ina ry  and t e rna ry  component  soils which con- 
ta in  a nonpolar  ingredient .  This  was made pos- 
sible by replacement  of the soil dipole moment  
var iable  by the p ropor t iona l  square root of 
or ienta t ion polar izat ion (Po) and  by  establish- 
ment  of the val id i ty  of the empir ica l  volume 
f rac t ion  addi t iv i ty  of the ingredient  Po values 
of b ina ry  p o l a r - - p o l a r  mix tures  by using the 
classical dilute so lu t ion- -so lu te  (P2) extrapola-  
t ion procedure  with a chemical oscillometer. 

Introduction 

E XTENSIVE DETERGENCY and physicochemieal  studies 
at this l abora to ry  have led to the der ivat ion by 

dimensional  analysis  of a valid set of three dimension- 
less products  f rom six soil and  su r f ac t an t  variables 
of the detergency process ( 1 ~ ) .  A log-log plot  of 
two of the products  at p a r a m e t e r  values of the th i rd  
fo rm a detergency d iag ram for  the 90-100% soil re- 
moval  range  which consists of a f ami ly  of paral lel  
lines with a 45 ~ negat ive slope. The val idat ions were 
obtained f rom data  on soi l -surfactant  systems in which 
the su r fae t an t s  were commercial ,  ha rd  and soft 
e thoxyla ted  alkylpheno]s,  soft  e thoxylated p r i m a r y  
and  secondary alcohols, h a r d  and  soft  anionies. The 
soils, all single polar  mater ia ls ,  included a f a t t y  alco- 
hol, an amine,  an ester, and sa tu ra ted  and  unsa tu ra ted  
f a t t y  acids. Since a dimensional  analysis  cannot  be 
p e r f o r m e d  with a dimensionless dependent  variable,  
de te rgency  or percentage of soil removal  in this case, 
it is impor t an t  to note tha t  the analysis  was made 
possible by accepting Schwartz ' s  model of detergency 
(5) and pos tu la t ing  the dimensions of the la t ter  as 
1V[ • L, where M = mass, L = length,  and  T = time. 
Percen tage  soil removal  figures were used in the 
va l ida t ion  calculations because it was shown tha t  they 
were  propor t iona l  to M • L. 

This  pape r  repor ts  the resul ts  of work  which was 
ini t ia ted to overcome the l imitat ions of the previous 
studies. Since one of the var iables  in the valid di- 
mensional  analysis  is soil dipole moment ,  nonpolar  
soils wi th  zero dipole moment  values could not  be 
included among the systems previous ly  represented in 
the de tergency diagram.  F u r t h e r m o r e ,  while the 
ini t ia l  studies involved single po la r  soils, i t  is obvious 
tha t  in actual  pract ice  soils m a y  consist of mixtures  
of po la r  and nonpolar  components.  The elimination 
of these deficiencies was a t t e m p t e d  by a series of di- 
mensional  analyses and  cor responding  val idat ion 
checks involving a) the rep lacement  of soil dipole 
momen t  by  its p ropor t iona l  value,  the square root 
of or ienta t ion polarizat ion,  b)  val idat ion of the as- 
sumpt ion  of volume f rac t ion  add i t iv i ty  of ingredient  
or ienta t ion polar izat ions of soil mix tu res  by  us ing  the 
conventional  "di lute solut ion" method (11),  and  c) 
de te rmina t ion  of the extent  to which a)  and  b) per- 
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mit ted the use of polar -nonpolar  and polar-polar  soil 
mixtures  with the dimensional  analysis detergency 
correlation diagram.  

Theory 
The dimensionless products  of the valid dimensional 

analysis (3) are 

D x (~CMC) o-s 
~r I ~-- 

( D M )  1-6 X C 

r 2 

7i- 3 - -  

C 

CMC 

V 

(DM) ~ > @CMC) o-4 x (CMC) 0.~ 

The variables in these p roduc t s  and their  dimen- 
sions are 

Var iab le  S y m b o l  D i m e n s i o n s  

Detergency ,  0/5 soil removal  D ML 
Concentrat ion,  molari ty  0 M / L  a 
Critical mieel!e concentration, CMC 5 [ / L  a 

molar i ty  
Surface tension at CMC, dynes /cm 5'CMC M / T  ~ 
Soil dipole moment, debyes DI~ MO.~L2.S/T 
Soil viscosity, absolute, 185P, cp V M / L T  

The relation of dipole momen t  to orientat ion polar-  
ization, Po, follows f rom the Debye equation for  the 
total  polarizat ion of a polar  molecule: 

P = P E  + P A  + P o  = P E  -t- Pa + - -  
4~N 

(DM) 2 
9kT 

where 

P = total molar  polar iza t ion 
P~ = electronic polar izat ion 
PA = atomic polar izat ion 
N = Avogadro ' s  N u m b e r  = 6.023 x 1028 
k = Bol tzmann 's  constant  = 1.38 • 10 -16 
T = absolute t empera ture ,  ~  

Thus at  constant  t empe ra tu r e  (DM) is propor t ional  
to (Po) ~ and at  25C, with (DM) expressed in debyes, 

4~•  6 .023x102a•  a6• 
Po ---- (DM)  2 = 20.45 (D1V[) 2 

9x l . 38x10-16  x298  

(Po ~ may replace (DM) in products  ,rl and ~ra 
to give the following: 

D • (~CMC) ~ 
71" 1 ~- 

(Po) ~ • C 

V 
71- 3 --~ 

(Po) 0.1 X (~CMC) ~ x (CMC) ~ 

Fur the rmore ,  in a dilute solution of a polar  ma- 
terial  in a nonpolar  solvent, molar  poIarizations are 
additive,  

P12 = Xl P1 + x2 P2 
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T A B L E  I 

P o l a r  Soi ls  

T A B L E  I I  

P o l a r - N o n p o l a r  B i n a r y  Soi l  Mix tu res  

Abso lu te  M i x t u r e  rat io ,  X~ mole 
viscosi ty ,  Dipole  Mix tu r e  by w e i g h t  f r ac t ion  solute  

cp, at  momen t  nD de 
Mater ia l  185F  debyes at 25C at  25C L a u r y l  alcohol 1 : 1 9  .0704  

T M P D  1 : 4  . 2645  
Octadeeylamine 1 : 1 .5899 

M P  4 7 - 5 1 0  2,868 1.3 (6)  2 : 1  .7420 
L a u r y l  alcohol, 98~fv 2.480 1.6 (7) 1.4405 .831 3 : 1  .8119 
Oleic acid, U S P  5.294 1 .009 (8)  1,4583 .888 4 : 1  .8519 
Ethyl  s tearate  Oleic acid 1 : 1  .4869 

M P  30-31(]  2 .200 1.7 a T M P D  2 : 1  .6549 
4 : 1  .7915 

a Calculated from g r o u p  m o m e n t s ;  dipole  moment  l i t e ra tu re  references 
given.  

where 

P~2 = total polarization of the mixture, in ml 
P~ = molar polarization of the nonpolar component 
Xl = mole fraction of the nonpolar component 
P2 = molar polarization of the polar component 
x2 = mole fraction of the polar component 

P~2 is also given by the equation, 

E12 -- 1 xIMI + XeM2 
D12 - -  X 

E12 + 2 a l l 2  

where 

E,2 = dielectric constant of the mixture 
d~2 = density of mixture 
M1 -- molecular weight of nonpolar component 
~{2 = molecular weight of polar component 

Experimental  Section 
M a t e r i a l s  

The polar soils were those previously used. Their 
constants are given in Table I. The liquid 2, 6, 10, 14- 
tetramethylpentadecane (TMPD),  density = 0.780 and 
index of refraction ( n D ) =  1.4369 at 25C, as deter- 
mined in this laboratory, was the nonpolar ingredient 
in the binary polar-nonpolar soil mixtures. It  provided 
as difficult a soil removal task as the polar soils, in 
contrast to other nonpolar substances examined. By 
using a two-minute screening test in hot water at 180F, 
detergencies of eicosane, paraffin oil of 135 SUS at 
100F, and TMPD soils were 89%, 77%, and 41% 
respectively. Table II  lists the polar-nonpolar mix- 
tures prepared by weighing the components on an 
analytical balance, and their physical and chemical 
constants. Table I I I  gives the polar-polar mixtures 
used, similarly prepared. 

The following commercial, 100% active, ethoxylated 
nonionic surfactants were used in conjunction with 
the aforementioned soils and soil mixtures: a) 11 and 
15 ethylene oxide (EO) mole ratio adducts of straight- 
chain nonylphenol; b) 12, 15, and 20 (EO) mole ratio 

adducts of a C~3 average linear secondary alcohol; c) 
20 (EO) mole ratio adduct of oleylaleohol; d) 9 (EO) 
mole ratio adduet of C12-1~ (Cla.~ average) pr imary  
alcohol; and e) 7.4 (EO) mole ratio adduct of C~2-~s 
(C14 average) pr imary alcohol. 

Commercial grade sodium lauryl sulfate (SDS) 
and branched-chain sodium dodecyl benzene sulfonate 
(SDBS) were also used. Table IV gives the CMC and 
7CMC data for all surfaetants studied; all data were 
obtained in this laboratory (9). 

M e t h o d s  

Detergency and surface tension were determined as 
outlined in previous papers (9). Index of refraetion 
and density were obtained with an Abbe refraetometer 
and a pyenometer equipped with a thermometer and 
a capped overflow tube respectively. 

Dielectric constants were determined with a Sargent 
chemical oscillometer by using the small cell and 
holder with 10-ml samples. Cell constants were ob- 
tained at 24.8-25.2C by using USP chloroform and 
ACS benzene (.01% H20)  as standards; dielectric 
constants were 4.800 and 2.274 respectively (10). The 
cell constants were checked by measuring the dielectric 
constants of ACS toluene (0.05% H20) and ACS 
CC14 (0.01% He0) ,  obtaining values of 2.378 and 
2.223 respectively, in comparison with the standard 
values of 2.379 and 2.228 respectively (10). 

T A B L E  I V  

S u r f a c t a n t  Su r f ace  Tens.ion D a t a  

No. ~CMC 
S u r f a c t a n t  of CMC d y n e s /  Temp.  

:Hydrophobe EO" mo la r i t y  em ~ 

S t r a i g h t - c h a i n  nony lpheno l  11 .0000247  31.5  28 
15 .0600271 35.3 28 

C~a ave rage  secondary  Mcoho] 12 .0000867  31.4 28 
15 .000128  33.0  28 
20 .000226  33.9 28 

Oleyl alcohol 20 . 0 0 0 0 0 4 6 5  39.6  28 
Cau.~ ave rage  p r i m a r y  alcohol 9 . 0000149  30.2 28 
C14 average  p r i m a r y  alcohol 7.4 .0000173  28.0 28 
S o d i u m  laury l  su lpha te  .00149 36.8 28 
S o d i u m  dodecyl benzene s u l p h o n a t e  

(b r anched  cha in )  .00353 32.6 26 

a Moles e thylene oxide. 

T A B L E  III 
Po la r -Po l a r  B i n a r y  Soi l  Mix tu res  

Mole F rac t i on  "Volume F r a c t i o n  
M i x t u r e  Viscos i ty  
r a t i o  by Oleic L a u r y l  Oleic L a u r y l  cp, 

Mix tu re  w e i g h t  acid alc ac id  ale E,m 185F  

Oleic ac id  1 : 4  .14157 .85843 .18960  .81040 4,712 2 .876  
1 :3  .23777  .76223 4.436 3 .003 

L a u r y l  alcohol 1 : 2  .31876  .68124 4 .057 3 .160 
1 : 1  .39746 .60254 .48342 .51658 3.427 3 .559 
2 : 1  .65176  .34824 2.988 3 .982 
4 : 1  .72517 .27483 .78917  .21083 4 .396  

E thy l  s teara te  1 : 4  .......... �9 .83574 2 .354 
L a u r y l  alcohol 1 : 3  . . . . . . . . . .  79235  2 .327 

i : i  . . . . . . . . . . .  55985  2.115 
E thy l  s teara te  .......... e b 
Octadecy[amine 1 : 1  2.261 

d12 nD 
25G 25C 

.841 1 .4442 

.844 1 .4450 

.849 1 .4466  

.859 1 .4496  

.868 1 .4525  

.876 1 .4549  

Volume f rac t ion  ethyl  s t ea r a t e  ~ 1 - -  (vo lume f rac t ion  laury l  alcohol)  ; dens i ty  ethyl  s teara te  ~ 1 .057 a t  20C.  
b Viscos i ty  a t  1 8 5 F  of t h i s  sys tem is  mean ing les s  due  to i n t e r ac t i on  of  i n g r e d i e n t s  w i th  l ibe ra t ion  of C~HsOH vapor .  

f rom viscos i ty  d e t e r m i n e d  w i t h i n  5 rain of me l t ing  a t  185F  had a v a l u e  of 72.8.  
c Volume f r ac t ion  oe tadecy lamine  ~ .56615 ; dens i ty  oc tadecyiamine  : 0.81 a t  20C. 

However, ~-s calculated 
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In  the first p a r t  of this investigation, in confirmation 
of the va l id i ty  of subst i tu t ing (Po)-~ for  (DM) in 
dimensionless produc ts  v~ and ra, Po was obtained 
f rom the equat ion given in the previous section, P o =  
20.45 (DM)U~ by using the (DM) values of Table I. 
The calculated polarizat ions in ml were 59.10, 52.35, 
34.56, and  20.82 for  e thyl  stearate, l aury l  alcohol, 
octadecylamine,  and oleic acid, respectively. 

The next  phase of this repor t  covered the s tudy  of 
laury l  a lcohol-TMPD and oleic acid-TMPD, polar- 
nonpolar  soil mixtures ,  all of which were solutions at 
ambient  room tempera tu res  in the ratios listed in 
Table II .  I t  was found  tha t  a simple t rea tment  of the 
data  of these mixtures  gave surpr is ingly  consistent, 
usable, and  valid de te rgency  diagram plots. The value 
of Po of the polar  ingredient  was used in calculat ing 
dimensionless p roduc t  r l  of the mixtures. The log-log 
detergency d iagram plots of the ~l-~e points for  all 
ratios of l aury l  a lcohol-TMPD mixtures  fell on the 
r3 pa ramete r  of l aury l  alcohol alone, using the same 
surfactant .  S imi lar ly  r~-~z plots of all ratios 
of oleic ac id-TMPD mixtures  fell on the =a paramete r  
of the oleic acid alone; the same sur fac tan t  was used 
in all cases. 

In  order  to t r ea t  polar-polar  b inary  soil de tergency 
data  by dimensional analysis, it was necessary to 
adopt  a working hypothesis,  which assumed first tha t  
such a mix tu re  possessed an effective or resul tant  
or ienta t ion polar izat ion and,  second, tha t  the lat ter  
could be de termined  exper imenta l ly  with the "di lute  
solution" ext rapola t ion  method (11) by considering 
it to be an individual  enti ty.  By  using C~H~ as the 
nonpolar  solvent, six to seven mixture  polarizations, 
P~z ( for  example, of C~H6 solutions of a definite 
weight ra t io  of oleic acid and laury l  alcohol),  were 
obtained in the 0.006-0.02 xe (total  polar  solute mole 
f rac t ion)  concentra t ion range f rom corresponding 
measurements of dielectric constant (Era) and densi ty 
(d12) ,  as  follows: 

E l g  - -  1 x~M~ q- x2M2 
P~e -- - -  X 

E l =  -'[- 2 d i e  

Me was the average molecular weight of the oleic 
acid-lauryl  alcohol mix tu re  and  was calculated in the 
usual manner.  The constant  P1 of C~H~ was calculated 
by the Mosotti-Clausius equation from measurements 
of its dielectric constant  and density: 

E1 - -  1 M1 
P1 - - - -  X - -  

E1 z_ 2 d~ 

The Pe values in the C6H~ solutions followed from 
the equation : 

P12 -- P~ 
Pe - -  + P1 

X2 

Extrapolat ion of the P2 values to x~ = 0, using least 
squares, gave Peso, the effective or resul tant  molar 
polarization of the oleic acid-lauryl  alcohol mixture  
at infinite dilution. P2E w a s  then calculated by the 
Lorentz-Lorenz equat ion : 

2 - -  1 M., n~ 

FeE - -  - -  
d e n~ + 2 

where Me was the average molecular weight of the 
oleie acid-lauryl  alcohol mix tu re  and n2 was its re- 
fract ive index. F ina l ly ,  by  taking Pe~ as 5% of PZE, 
the effective or ienta t ion  polarizat ion of the mixture  
was obtained : 

Po mix tu re  = Pe~--PeE-Pe.~ 

In this s tudy the effective orientat ion polarization 
values of 1:4, 1:1, and 4:1 ratios by weight of oleic 
acid and laury l  alcohol were determined as just  out- 
lined. The second pa r t  of the working hypothesis, 
adopted for use with polar-polar  b inary  soils and in- 
corporated to keep the dimensional-analysis, deter- 
gency-eorrelation method as free as possible from 
time-consuming exper imenta l  work, was the assump- 
tion that  the effective or ientat ion polarization of such 
mixtures could be est imated by  the volume s 
addit ivi ty of the or ienta t ion polarization values of 
the two ingredients.  The la t ter  values, of course, are 
calculated f rom l i t e ra tu re  dipole moments. 

. . . . . . . . .  , % \  . . . . . .  , 
I~ 100 100O 

Fro. 1. Dimensional analysis No. 9-C with (DM) = 
K (Po) '~--val idat ing systems at  ~-a 95, 74, 39.6, 24.1, and 10.3 
not shown. 

x 

\ 

,~I,A~A ' :  ,,'r WE/~-HT ..q..q T/O$ : -  

A $.'1 

§ I q  
X /,is~. 

t7 I~/~ 
0 ~ iN@Lf  p ~ k ~ S O / k  

L \ 

. ~ I  I I I I I i I , i 

Fro. 2. D.A. No. 9-C with polar-~onpolar soil mixtures;  ~8 
78.7 and "A"--15 (EO) adduct  of straight-chain nonylphenol;  
~r~ 102--12 (EO) adduct  of  13.5C average primary alcohol; 
7ra 36.5--15 (EO) adduct  of 13C average secondary alcohol. 
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Comparisons of the exper imental ly  determined 
"effective" or " resul tan t"  orientation polarizations of 
the 1:4, 1:1, and 4:1 weight ratio mixtures  of oleic 
acid and lauryl  alcohol with calculated values, which 
were based on volume fract ion addit ivi ty of the in- 
gredient or ientat ion polarizations, showed good agree- 
ment. The deviations averaged --6.7% and were 
smaller for  the mixtures  tha t  contained a larger 
proport ion of the more polar ingredient  (it  was spec- 
ulated that  the agreement  would be even better  when 
ingredient  polarities were near ly  the same). Based 
on the preceding tests, detergency diagram ~, and ~:~ 
values for soil-surfaetant  systems containing binary 
polar-polar soil mixtures were obtained by using cal- 
culated "effective" mixture  orientation polarizations. 

T A B L E  VI  

E x p e r i m e n t a l  a n d  C a l c u l a t e d  O r i e n t a t i o n  P o } a r i z a t i o n  D a t a  

P e r c e n t -  
E x p e r b  Calcu-  a g e  
men ta l  lu ted  of 

Po Po a dev ia -  
M a t e r i a l  ml ml t i o n  

Ole ic  a c i d  1 7 . 2 3  
L a u r y l  a lcohol  6 0 . 5 9  
E t h y l  s teara . te  b 5 8 . 1 9  
1 oleie ac id  :4  l a u r y l  

a lcohol  by  w t  5 5 . 8 6  5 2 . 3 7  - -  6 .2  
1 oleic ac id  : 1 l a u r y l  

a lcohol  by  w t  4 0 . 8 6  3 9 . 6 3  - -  3 .0  
4 oleie ac id  : 1 l a u r y l  

aleollo] by w t  2 9 . 6 1  2 6 . 3 7  - - 1 0 . 9  

a O n  bas i s  of vo lume f r a c t i o n  a d d i t i v i t y  of i n g r e d i e n t  e x p e r i m e n t a l  
Po v a l u e s  g i v e n  in co lumn 2. 

b C a l c u l a t e d  Po  of e thyl  s t e a r a t e  ( ba sed  on d ipole  m o m e n t  of 1 .7  
debyes  d e t e r m i n e d  f r o m  g r o u p  m o m e n t s ) =  5 9 . 1 0  ml.  

Results 
Orientation Polarization in Dimensionless Products 

~ and vs. Fig. 1, a graphical  representat ion of deter- 
gency and dimensionless p roduc t  data  of 16 soil- 
sur fae tan t  systems, for  which 7rl and ~r3 were calculated 
with (po).S and  (Po) .~, substi tuted for the (DM) L6 
and (DIV[) -s terms respectively, indicates the validi ty 
of the substitutions, as was expected theoretically. 
Since (Po) -6 is propor t ional  to (DM),  it  may replace 
the lat ter  in the dimensionless products  (14). 

Dimensional Analyses of Systems with Binary 
Polar-Nonpolar Soil Mixtures. Fig. 2 is a plot of the 
detergency and dimensionless product  da ta ;  the lat ter  
were obtained with the Po variable, instead of dipole 
moment, for  13 systems consisting of three surfaetants  
and lauryl  a lcohol :TMPD soil mixtures with weight 
ratios ranging" f rom 4:1 to 1:19, also for three systems 
containing oleie acid :TMPD soil mixtures witll weight 
ratios of 4:1, 2:1, and 1:1. Similar plots for systems 
of lauryl  alcohol soil and each of the three surfactants  
tha t  were used with the b inary  mixtures are also given. 
I t  will be noted that  Fig. 2 consists of a family of 
four  parallel  rr3 parameters  labelled 36.5, 78.7, 102, 
and "A," also that  7r3 78.7 is the regular  ~1-~2 plot 
of the system containing the single soil, lauryl  alcohol, 
and the nonionic 15 ethylene oxide (EO) mole ratio 
adduet  of s t raight-chain nonylphenol,  NP-15 ( E 0 ) .  I t  
is also seen that  the ~rt-~2 plots of the six polar- 
nonpolar  lauryl  aleohol-TMPD soil mixture  systems 
with NP-15 (EO)  fall on the ~3 78.7 paranleter.  I t  will 
be remembered from the Methods section that  plots 
of systems containing a b inary  polar-nonpolar  soil on 
the dimensional analysis detergency diagram are made 
possible by using the Po value of the polar component 
of the mix tu re  in caIeulating ~1 and disregarding the 
normally-calculated 7r3 value. This pure ly  empirical 
but pract ical  and usable procedure is confirmed by 

analogous results obtained with the ,~3 pa ramete r s  36.5 
and 102. Pa rame te r  "A,"  the plot of the ~1-~2 dimen- 
sional analysis data for  all three o]eic ac id -TMPD soil 
mixture  (4:1, 2:1, and 1:1, by weight)  systems with 
N P - 1 5 ( E O ) ,  provides a f u r t h e r  val idat ion of the 
procedure.  Since N P -1 5 (EO )  cannot  give 90-100% 
detergency  of oleic acid soil alone under  the s t anda rd  
soil removal conditions (9),  no ~r1-~2-~3 da ta  are  avail- 
able fo r  this system (0.60% N P -1 5 [EO ]  solution 
gives 88.3% soil removal;  but  in 1.2% N P - 1 5 [ E O ]  
solution, de tergency  falls off to 82%).  The  numer ica l  
v a h e  of pa rame te r  "A"  may be est imated f rom its 
p rox imi ty  to known parameters .  

Dilute Solution-Extrapolation Determination of 
Orientation Polarization. As stated previously,  it was 
thought  that ,  in order  to be a pract ical  tool in deter- 
gency correlat ion,  the dimensional analysis p rocedure  
must not  be involved in exper imental  de terminat ions  
of soil mix ture  Po data. The la t ter  test  methods  were 
used, however, to establish the val id i ty  of an empirical  
volume f rac t ion  addi t iv i ty  of the ingredient  Po values 
of a b inary  polar-polar  soil mix ture  to obtain an 
"effective" mixture ,  Po, for  subsequent use in com- 
pu t ing  ~1 and ~:~. Tables V and VI  contain some of 
tile data  accumulated in a series of tests which indi- 
cate good agreement  between such calculated "effec- 
t ive" or ienta t ion polarizations and exper imenta l  
values de termined by the conventional di lute  solution- 
ext rapola t ion method outl ined in the Methods section 
(11).  In  Table V dielectric constant  (E)  and  densi ty  
(d)  measurements  of the single polar  materials ,  e thyl  
stearate, l aury l  alcohol  and oleic acid, each in benzene 
solution at  a number  of low concentrat ions,  are re- 
duced in each case to a series of molar  solute polariza- 
tions, P2 (Methods section). The la t te r  were plot ted 
against  the solute mole fract ion,  x2, and ex t rapola ted  
to x2=--0; Pyao of ethyl s tearate was obtained by  a 

T A B L E  

D i l u t e  S o l u t i o n - E x t r a p o l a t i o n  D a t a  
P o l a r  M a t e r i a l s ,  

V 

for  D e t e r m i n i n g  Po of S ing!e  
25  ~ O.2C a 

Approx .  
~Iixt.  Ra t io ,  d ~  

M i x t u r e  by w e i g h t  x2 E ~  Pv2 x l P 1  x,yPz P= a t  2 5 C  

E thy l  s t e a r a t e  1 : 3 0  . 0 0 8 3 0  2 . 3 0 1  2 7 . 7 7  2 6 . 4 7  1.313 156.{33 0 . 8 7 2  
Benzene  1 : 2 5  . 0 0 9 9 6  2 . 3 0 8  2 8 . 0 1  2 6 . 4 2  1 .59  1 5 9 . 6 4  0 . 8 7 2  

1 : 1 7  . 0 1 4 7 0  2 .323  2 8 . 6 6  2 6 . 3 0  2 . 3 6  1 6 0 . 5 4  0 . 8 7 1  
1 : 1 0  . 0 2 5 0 3  2 . 3 5 7  3 0 , 1 0  2 6 . 0 2  4 .08  1 6 3 , 0 0  0 . 8 6 9  
1 : 8  . 0 2 9 1 8  2 .370  3 0 , 6 5  2 5 . 9 1  4 . 7 4  1 6 2 . 4 4  0 . 8 6 9  

L a u r y l  alcohol 1 : 5 2  . 0 0 8 2 0  2 . 3 0 5  2 7 , 4 8  2 6 . 4 7  1.01 1 2 3 . 1 7  0 . 8 7 0  
B e n z e n e  1 : 2 8  . 0 1 5 0 4  2 .331  2 8 , 1 5  2 6 . 2 9  1 . 8 6  1 2 3 , 6 7  0 . 8 7 0  

1 : 1 9  . 0 2 2 4 1  2 . 3 5 8  2 8 , 8 7  2 6 . 0 9  2 . 7 8  1 2 4 . 0 5  0 . 8 6 9  
] : 14 . 0 2 9 2 7  2 .379  2 9 , 4 7  2 5 . 9 1  3 . 5 6  1 2 1 . 6 3  0 . 8 6 9  

Oleic  acid. 1 : 3 3  . 0 0 8 4 1  2 . 2 8 0  2 7 , 3 6  2 6 . 4 7  0 . 8 9  1 0 5 . 8 3  0 , 8 7 3  
B e n z e n e  1 : 1 9  . 0 1 4 6 8  2 . 2 8 2  2 7 . 8 2  2 6 . 3 0  1 .52  1 0 3 . 5 4  0 . 8 7 3  

. 0 2 2 2 2  2 .283  2 8 . 3 6  2 6 . 1 0  2 . 2 6  1 0 1 . 7 1  0 . 8 7 3  
1 : 9  , 0 2 9 3 2  2 , 2 8 6  2 8 . 9 0  2 5 . 9 1  2 . 9 9  1 0 1 . 9 8  0 . 8 7 3  

a F o r  b e n z e n e :  E1 = 2 . 2 7 3 ;  dl  --~ 0 . 8 7 2  a t  2 5 C ;  P1 = 2 6 . 6 9  by Moso t t i -C l aus in s  e q u a t i o n  ; a n d  xl  ---- 1 - -  xy. 
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Least  Squares  t reatment .  I t  is to be noted that  the 
P2 values of lauryl  alcohol and e thyl  s tearate  decrease 
with decreasing x2 (ethyl  alcohol exhibits the same 
characteris t ics  in CeH~ solution, according to Refer- 
ence 11) whereas the P2 values of oleic acid increase 
with decreasing x2 (the more usual  phenomenon).  
Table VI  has the Po values of these polar  materials, 
resul t ing  f rom the extrapolat ions and  fu r t he r  treat- 
ments  with the Debye equation. These experimental  
values are used in the subsequent volume fraction 
addi t iv i ty  checks. Similar  data  to those in Table V, 
fo r  benzene solutions of va ry ing  low concentrations 
of 1:4, 1:1, and 4:1, by  weight,  mix tures  of oleic acid 
and  l aury l  alcohol lead to the "effective" mixture  P., 
values listed in Table VI. The total  solute molar 
polar izat ion in each case increased with the decreasing 
total  solute mole f rac t ion;  and the value at  infinite 
di lut ion for  each mixture  was de termined by Least 
Squares.  The agreement  between calculated and ex- 
per imenta l  Po values of the polar-polar  mixtures in 
Table  VI  is considered good; the average deviation 
is --6.7%. On this basis it was decided to use volume 
f rac t ion  addi t iv i ty  of ingredient  Po values for  deter- 
mining the "effective" Po of b inary  polar-polar  soil 
mixtures  in subsequent dimensional analysis correla- 
t ion studies. 

Dimensional Analyses of Systems with Binary 
Polar-Polar Soil Mixtures. Fig. 3 is a plot of deter- 
gency and dimensional analysis da ta  of soil-surfactant 
systems containing b inary  polar-polar  soils; the di- 
mensionless products  were obtained by  using "effec- 
t ive" Po values calculated with the volume fract ion 
add i t iv i ty  hypothesis and re la t ing to oleic acid :lauryl 
alcohol soil mixtures  (80:20 to 20:80% by weight 
oleic acid to lauryl  alcohol) and the anionic sur- 
fac tant ,  sodium lauryl  sulfate ( S D S ) .  I t  is to be 
noted tha t  these systems correlate per fec t ly  (in =3 
value and position) between themselves and with the 
two systems represent ing the indiv idual  soils, oleic 
acid and l aury i  alcohol; the same su r f ac t an t  was used. 
Fig. 4 represents  detergency and dimensional  analysis 
data  for  a series of soi l-surfactant  systems comprising 
polar  :polar, e thyl  stearate : lauryl  alcohol soil mixtures 
in various ratios by  weight  with the nonionie sur- 

5.2 

5.0 

4.8 

4.6 

4,4 

4.2 

4.0 

3.8 L-- 
1.l 

S f. - -  ~'r/Cy/ s r z ~ R f f r ~  

N~- /s " { zo )  

73.6 

1.3 1.5 1.7 1.9 2.1 2.3 2~ 
l o g  z-2 

FIG. 4. D.A. No. 9-C with polar-polar, ethyl stearate:lauryl 
alcohol soils and NP-15 (EO). 

fae tan t  NP-15 (EO)  together with the two systems 
consisting of the ingredients  alone with N P - 1 5 ( E 0 ) .  

The value and position of the ~a paramete r  of the soil 
mixture  system correlate with the values and positions 
of the ~3 parameters  of the ingredients  and the same 
surfaetant .  In  this region of the dimensional analysis 
d iagram the exper imental  accuracy,  al though adequate 
for  estimating the detergency of a soil (or soil mix- 
tu re ) - su r fac tan t  system, is not  sufficient to differen- 
t iate between ~ra parameters  va ry ing  1-2 units  in 
value. Thus paramete r  ~3 73.6 of Fig. 4 is not  signif- 
icant ly  different f rom paramete r  ~ra 74.5, a system 
which is not plotted. Fig. 5 represents a system com- 
pris ing a polar :polar, e thyl  s tearate:octadecylamine 
soil mixture  with the nonionic N P - 1 5 ( E O ) ,  also sys- 
tems of the ingredients  with the same sur fac tan t ;  

')~ " -  ~ d, ~Z.r ,.~p.'L.Rt.~YI, P~C. 
~? "~--  I.'1, o.c..~1r A~Ip : 4./Iu~Cy,5 Nd.e. 
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.1 
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Fro. 3. DimensionM a~alysis No. 9-C with polar-polar soil 
mixtures. Soil mixtures by weight. 
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FIG. 5. D.A. No. 9-C with polar-polar, ethyl stearate-octa- 
deeylamine soils and NP-15 (EO). 
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Fro. 7. Dimensional analysis No. 9-C with additional ternary 
soils. 

SO/IS:  

" ~ ' i v l  xT~U~'~ - ~,'1, Ol~-~]g Rglp.'L~UR%fA AI . tOH#Z.,aY kr  

1~ . .~ - - '~"z" f lXTV.~  RZOiI, F , r  f/..l.A5 7"/"ffP 

S Y f f F S B ? ' ~ / / T -  $OPig/W z,21v, qys  SU~fATs 

, , , , ~ ,  , , . I  

it  is another  confirmation of the applicabili ty of the 
dimensional analysis to systems containing a binary 
polar :polar soil mixture.  The ~1-~2 plot of the soil 
mixture  system correlates with plots of the systems 
which contain the individual  soils and the same sur- 
factant.  I t  is to be noted that,  although these in- 
gredients (ethyl  s tearate  and octadecylamine) inter- 
act at the t empera tu re  of the viscosity determinat ion 
(185F),  an estimate of the latter,  based on measure- 
ments made immediately a f te r  melting at 185F, per- 
mits the calmflation of a parameter  ~a value which 
correlates with those of the systems of the component 
soils. 

Dimensional Analyses of Soil-Surfactant Systems 
with Ternary Soil Mixtures. Fig. 6 is a plot of deter- 
gency and dimensional analysis data for  soil- 
surfaetant  systems containing t e rna ry  soil mixtures 
which consist of various ratios by weight of polar 
oleic acid and laury l  alcohol dissolved in various 
amounts of nonpolar  te t ramethylpcntadeeane,  TMPD. 
I t  provides an impor t an t  confirmation of the results 
obtained with dimensional  analyses of systems of 
b inary  polar-nonpolar  soil mixtures. Reference to 
Fig. 2 shows that ,  for  the latter,  the va parameter  
of the single polar  soil system is identical with that  
of the b inary  polar-nonpolar  soil mixture  system. 
Similarly Fig. 6 indicates tha t  the ~a parameter  of a 
system which contains a polar-polar  soil mixture  is 
identical with the ~a of the system of a t e rna ry  soil 
mixture  which consists of the same polar-polar soil 
mixture dissolved in a nonpolar  material. Fig. 7 
gives addit ional  val idat ion for  soil-surfactant systems 
with t e rna ry  soil mixtures.  

D i s c u s s i o n  

Numerous physicochemical  and detergency tests 
of soil-surfactant systems have established the val idi ty 
of a modified dimensional analysis of the detergency 
process in which the soil dipole moment variable is 
replaced by the propor t iona l  p roper ty  of the square 
root of orientat ion polarization, Po. The result ing 
dimensionless products  are 

D • (TCMC) .s 
7 r  1 - -  

(Po) "s • C 

C 
77-, 2 

CMC 

V 
";,r 3 

(Po) a • (TCMC) "4 X (CMC) .~ 

where Po is expressed in milliliters, and other symbols 
are as given in the Theory  section. 

An empirical volume f rac t ion  addi t iv i ty  of the in- 
gredient  Po values of a b ina ry  polar-polar  mix tu re  
was established by using the classical dilute solution- 
solute (P2) ext rapola t ion procedure  with a chemical 
oscillometer. The agreement  between calculated and 
experimental  " resu l tan t"  Po values of the polar -polar  
mixtures which were studied was considered good. 
Confirmation of the relat ionship extended the applica- 
tion of the dimensional analysis f rom soi l-surfactant  
systems which contained a single polar soil to those 
with mul t icomponent  soils met in practice. 

The dimensionless-product,  log ~l-log~ru plots and 
parameter  ~ra values of soi l-surfaetant  systems the 
soils of which are b ina ry  polar-nonpolar  or t e r n a r y  
polar-polar-nonpolar  mixtures,  are identical with the 
corresponding plots (extended,  if necessary) and ~ra 
values of systems the soils of which are the correspond- 
ing single polar  ingredient  or b inary polar-polar  
mixture  respectively using the same sur fac tan t ,  
of course. The ~1 value for  a system with a mult i -  
component soil conta in ing  a nonpolar  ingredient  is 
computed by using the " resu l tan t"  Po value of the 
polar ingredients,  or Po or the single polar  ingred ien t  
in the case of a b ina ry  polar-nonpolar  soil. The ~ra 
value is not  calculated for  such a system; instead it  
has the ~ra value of the system with which its 
log vl - log ~ plot  coincides. 

Log ~l-log~2 plots of soi l-surfactant  systems the 
soils of which are b ina ry  polar-polar  mixtures,  with 
~1 and ~a values obtained by  using " resu l tan t"  or 
effective Po values based on volume fract ion addi t iv i ty  
of the ingredient  polarizations,  correlate pe r fec t ly  in 
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posit ion and  7ra value wi th  the plots of systems of the 
ingredient  soils. 

A C K N O W L E D G M E N T  

Most of the data  were obtained by Troy Nichols. 
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