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T A B L E  IIl 

D e t e r m i n a t i o n  of P e r c e n t a g e  of An ion i c  S u r f a c t a n t  
a n d  A m i n e  Oxide  i n  D e t e r g e n t  F o r m u l a t i o n s  

leormulations (parts on 100% 
Ingredients active basis) 

I I I  I I I  

S o d i u m  alkyl benzene su l fonate  a ....... 20 20 
S o d i u m  alkyl e thoxy sul fa te  D ........... 25 5 
L a u r y l  d imethyl  amine  oxide e ........ 5 "5  5 
Sod ium xylene  su l fona te  . . . . . . . . . . . . . . . . . . . . . .  10 5 
T e t r a p o t a s s i u m  pyrophospha te  . . . . . . . . . . .  5 5 

Analytical results 
Anionic,  % ....................................... 25 .4  19.9 26.5  
A m i n e  oxide, % .. . . . . .  4 .6  5.2 5.9 

a U l t r a w e t  60 K soft  (At l an t i c  R e f i n i n g  C o m p a n y ) .  
bTergito1 Anion ic  15-S-3S ( U n i o n  Carb ide  C o r p o r a t i o n ) .  
e A m m o n y x  LO ( O n y x  Oil  a n d  Chemica l  C o m p a n y ) .  

as nonionie surfae tants  above p H  7, and as cationic 
surfac tants  below p H  3 the anionic sur fac tan t  was 
measured by alkaline methylene blue t i t rat ion and 
acid methylene blue t i t ra t ion measured the anionic 
sur fac tan t  not eomplexed with amine oxide. The 
difference in the amt  of anionic found by these two 
t i t rat ions was calculated as the amt  of amine oxide 
in the formulation.  The results given in TabIe I I I  
show tha t  this technique is applicable to the analysis 

of detergent  forinulations containing amine oxides. 
Fo r  the determinat ion of anionic sur fac tan t  in 

alkaline media  a t  conchs of 100 p p m  and less, a 
speetrophotometrie  method has been employed. The 
procedure is similar to tha t  in Standard Methods-- 
Water and Waste-Water (6). Measured amts of sur- 
factant,  chloroform, methylene blue and sodium hy- 
droxide were shaken until  all available methylene 
blue was oxidized to dimethylthionoline. These dyes 
are l ight  sensitive and fade on prolonged exposure. 
Therefore, all measurements  were carried out on a 
comparable t ime basis. Absorbances of solutions for  
various conchs of sodium 2-ethylhexyl sulfate were 
taken at  547 Inn. The plot of absorbance versus eoncn 
was linear. 
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Kinetic Studies of Detergency. 
Dupre Mechanism on Surface 

III. Dependence of the 
Tension 

M. C. B O U R N E  1 and W. G. JEN1VINGS, Depar tment  of Food Science and Technology 
University of California, Davis, California 

Abstract 
The kinetics of the removal of thin films of 

pure  radioactive t r is tear in f rom a stainless steel 
surface by detergent  solutions in a circulation 
cleaning system were used to s tudy the effect of 
the surface tension of the detergent  solution on 
the Dupr6  mechanism and the flow mechanism. 

Lowering the surface tension reduced the ef- 
fectiveness of the Duprg  mechanism for both 
species 1 soil and species 2 soil, as expected. Low- 
ering the surface tension increased the efficiency 
of the flow mechanism for both species of soil, 
but, at  the present  time, it is not known how much 
of the increase can be ascribed to the lowered sur- 
face tension, and how much is due to the in- 
creased conen of the sur fae tan t  tha t  was used to 
lower surface tension. 

Introduction 

K INETIC ANALYSIS o f  the removal of t r is tear in f rom 
stainless steel indicates that  two species of soil are 

present  (2). The difference between the two species 
has not yet  been resolved, but can probably  be attr i-  
buted to a differenee in the a t t ract ive  force(s)  be 
tween the substrate and the two soil species. Both 
species are removed simultaneously and  independent ly  
by two soil removal mechanisms : a) a t ime-dependent  
flow mechanism, and b) a t ime-independent  inter- 
facial mechanism (1,3) called the Dupr6 mechanism 
(4) in honor of the French  scientist, M. Athanase 
Dupr5 (1869) who first developed the equations re- 
lat ing surface tension forces at a gas-solid-liquid in- 
terface. The force specifically associated with the 

P r e s e n t  a d d r e s s :  Depar tment .  of Food Science  a n d  Technology,  N e w  
Y o r k  S ta te  A g r i c u l t u r a l  E x p e r i m e n t  Sta t ion,  Cornell  Un ive r s i t y ,  
Geneva,  N e w  Ym'k .  

air-solution interface is surface tension, which is 
probably  responsible for this lat ter  mechanism. The 
Dupr6 mechanism, in other words, might  be visualized 
as tear ing soil f rom the surface by the surface tension 
of the advancing or receding interface. 

I f  this explanation is valid, the effectiveness of the 
Dupr6 mechanism should be related to surface ten- 
sion; the meehanism should be most effective in solu- 
tions of high surface tension and diminish in solutions 
of lower surface tension. The experiment  described 
below was designed to establish the relationship (if 
any) between surface tension and the Dupr6 mech- 
anism. 

Theoretical Aspects 
Although the equations set up in an earlier paper  

(2) are correct, they do not allow separate  considera- 
tion of the two cleaning mechanisms. This can be 
achieved by  describing the cleaning process as: 

- d ( A ) / d n  = K I ( A )  

where (A) represents the amount  of species 1 soil re- 
maining a f te r  n washes, K1 is the rate constant for 
species 1 soil removal, and n the number  of washes, 
each of constant  time t 1. 

This can be integrated to give 
h i (A)  = ln (Ao)  -- K i n  (1) 

where (Ao) represents the amount  of species 1 soil at 
zero washes. K1 represents the cumulative rate of soil 
removal by both the flow mechanism F and the Dupr6 
mechanism D;  i.e. 

K1 : F i t  1 + D1 

where t I is the time durat ion of one washing treat-  
ment. By  substitution in (1) ; 

l n ( A )  = ln (Ao)  - ( nF l t  I + nD1), or 
l n ( A )  = ln (Ao)  -- ( F i t  + nDt)  
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where t = the total  t ime of washing = nt 1 
Similarly,  the equation 

ln (B)  = ln(Bo)  -- (F2t ÷ nD2) 

can be derived for species 2. 
Although the nature  of the experiment  restricts to 

integers the values of n, these equations possess an 
advantage in allowing separation of the constants for  
the two soil removal mechanisms. 

The experiment  is conducted by subject ing a soiled 
str ip to a series of washes under  s tandard  conditions, 
each wash of constant time. F rom a plot  of log soil vs. 
number  of washes the rate constants K1 and K2 are 
found by a graphical  method tha t  has been described 
(2). Another  soiled str ip is then subjected to a series 
of washings under  the same s tandard  conditions as 
the first s t r ip  except tha t  a constant washing t ime of 
different durat ion is used. Addit ional  soiled str ips 
are cleaned in a similar manner,  using appropr ia te  
washing times of constant duration. In  each case the 
rate constants K~ and K2 are obtained f rom each 
cleaning curve. The values of K1 and Ks thus ob- 
tained are then plotted against  the time of a single 
washing t reatment .  Since K1 = F i t  1 + Dz and Ks -- 
Fst  ~ + De, the slopes of these plots give the values of 
F1 and F2 (the respective flow mechanism constants 
for  species 1 soil and species 2 soil) while the inter- 
cepts on the Y axis (at  t 1 = o) give the values of Dz 
and De (the respective Dupr6  mechanism constants 
for species 1 soil and species 2 soil). 

The steps required to obtain the desired data are 
shown in F igure  1. In  graph  A the log of the residual 
soil is plot ted against  the number  of washes. The 
points on this g raph  are obtained by experiment.  The 
slope of the l inear port ion of the cleaning curve gives 
K2, which is the rate  constant for  removal  of species 
2 soil under  a par t icu lar  set of s tandard  conditions 
including a s tandard  washing time. The l inear por- 
tion of the cleaning curve extrapolated back to zero 
washes is subtracted f rom the curve above i t  to gi~,e a 
second s t ra ight  line of Slope K1 which is the ra te  con- 
s tant  for  removal of species 1 soil under  the same set 
of s tandard  conditions. The values of K1 and Ks are 
obtained graphical ly  f rom the cleaning curve and 
comprise the data for  the second generation graphs,  
B and C. 

In  second-generation g raph  B the rate  constant K~ 
for  species 1 soil is plotted against  the durat ion in 
seconds of one washing t rea tment  (t~). The slope K~ 
obtained f rom graph  A gives one point  on graph  B. 
A series of graphs  of type A are required to complete 
one g raph  of type  B. The intercept  on the ordinate 
of g raph  B gives the Dupr6  mechanism (time-inde- 
pendent)  contribution D~ to the rate  constant K~, 
while the slope of the line gives the flow mechanism 
(t ime-dependent)  contr ibution Fz to the rate  constant 
K1. The values for  Dz and F1 are evaluated gra~hic- 
ally. Curve C is another  second generation graph,  
similar to curve B and separates the rate  constant K2 
for  species 2 soil into its two portions, De and F~. The 
values for  F1, Fe, D1, Ds comprise the basic data  for  
the th i rd  generation of graphs,  which are shown in 
F igure  2 and F igure  3. 

Experimental 
The experimental  procedure was exactly as de- 

scribed previously (2), (detergent,  0 . 033 /NaOH ; soil, 
pure  t r is tear in  labeled with C 14 on the carboxyl car- 
bon; surface, stainless steel) except tha t  under  each 
set of conditions several str ips were cleaned, each str ip 
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FIG. 1. Experimental cleaning curve is used to separate the 
two species of soil and evaluate the rate constants Kz and iK.., 
from the slopes of the two lines. The rate constants provide 
one point on the second generation graphs (B and C), which 
separate the time-dependent mechanism (slope) from the time- 
independent mechanism (intercept). 

being subjected to a series of washes of constant  dura-  
tion, but  of a different durat ion than  for  the other 
strips. Temp was kept  constant  at  65C ( t r is tear in  
melts at  71.5C). Surface tension was controlled by 
adding different levels of a sur fac tan t  (commercial 
d imethylnaphthalensulfonate)  tha t  is noted for  its 
very  low power of detergency. Dimethylnaphthalen-  
sulfonate was selected because it most near ly  ap- 
proached the ideal requirement  of high surface ac- 
tivity, zero detergency, and compatibi l i ty  with hot 
dilute aqueous N a 0 t t .  The sur fae tan t  was added to 
the 0.03M aqueous N a O H  at  levels ranging f rom zero 
up to 0.1%, the level depending on the surface tension 
required. A DuNoiiy r ing tcnsiometer was used to 
measure surface tension. A sample was taken f rom 
the t ank  of hot circulat ing detergent  solution and 
quickly placed in the DuNoiiy tensiometer for  meas- 
urement  of surface tension before it could cool or age. 
This was done in order to measure the surface tension 
of the detergent  solution as it  existed in the circula- 
tion cleaning apparatus .  A cool solution or a soh t ion  
tha t  has been allowed to rest  unt i l  the surface reached 
an equilibrium condition does not have the same sur- 
face tension as a hot s t i r red solution. Because of the 
haste with which the measurements  were necessarily 
made the surface tensions were measured to ± 0 . 5  
dyne/era.  

Commercial  saponin was used in one exper iment  to 
provide a contrast  to the dimethylnaphthalensulfo-  
Rate. Frequent  additions of saponin were required to 
mainta in  surface tension because saponin is not stable 
to hot dilute sodium hydroxide. Consequently, the 
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FI(}. 2. E f f e c t  o f  s u r f a c e  t e n s i o n  o n  Dup:r6  m e c h a n i s m  f o r  
species 1 soll (D~) an4 species 2 soil (D~). The point x is the 
D~ value obtained with saponin used as surfaetant. 

surface tension was held at  52 _ 2 dynes/era in the 
saponin experiment.  

R e s u l t s  a n d  D i s c u s s i o n  

Effect of  Surface Tension on DuFf6 Mechanism 

The Dupr6 mechanism rate  constants for species ] 
soil and species 2 soil (respectively D1 and D2) are 
plot ted against  surface tension in Figure  2. The Du- 
pr5 mechanism rate  constants for both species 1 soil 
and species 2 soil are directly proport ional  to the sur- 
face tension of the detergent solution. I t  might  be 
argued tha t  the sur fac tan t  has caused a number  of 
changes in the detergent  solution and tha t  this result  
does not necessarily relate the Dupr6  mechanism to 
the surface tension. I t  must  be remembered,  however, 
that  the Dupr6  mechanism arises f rom the air-deter- 
gent interface moving across the soiled metal  strip, 
and it is difficult to think of any  effect that  the surfac- 
tan t  can produce in the surface other than lowered 
surface tension. The saponin solution exerts a similar 
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effect upon the Dupr6  mechanism even though it has 
different, propert ies  f rom those of dimethylnaphthalen-  
sulfonate. F igure  2 would have a negative slope if 
the sur fae tan t  exerted some power of detergency 
through the Dupr6 mechanism, because the lower sur- 
face tension corresponds to the higher sur fac tan t  
concn and stronger  cleaning power. The absence of 
such a relation points cIearly to a direct relation be- 
tween surface tension and Dupr6 mechanism. 

I t  is possible to make two interesting extrapolations 
to the field of pract ical  cleaning if we assume that  the 
results of decreasing Dupr6 mechanism rate constant 
with decreasing' surface tension are not restricted to 
the model system used in this s tudy but  are of general 
occurrence. First ,  most commercial detergents are de- 
signed to produce a low surface tension for the sake 
of easy wetting, and, therefore, wouId be expected to 
minimize this mechanism. Conventional methods of 
cleaning (immersion of the article to be cleaned in the 
detergent  solution unti l  completion of the cleaning 
operation) give this weakened mechanism only one 
chance to operate;  viz. when the article is immersed 
in the detergent  solution. There is little soil left  for  
the Dupr6 mechanism to work on at  the time of re- 
moval of the clean article f rom the detergent  soIution. 
Under  these conditions the contributions of this mech- 
anism would be minor,  and, therefore, it is not sur- 
pris ing that  it has not been recognized. Second, it is 
possible that  some cleaning operations could be de- 
signed to utilize this mechanism more fully and 
thereby obtain more rapid  cleaning than with con- 
ventional methods. The Dnpr6 mechanism should be 
effective in a system in which mult iple air-detergent 
interfaces pass over the article to be cleaned, and 
which utilize a detergent  solution with a high surface 
tension. 

Effect  of Surface Tension on F low Mechanism 

Species 1 soil shows a higher flow mechanism rate  
constant at lower surface tensions while that  for  
species 2 soil remains fair ly  constant (Fig. 3). The 
flow mechanism is related to the propert ies  in bulk of 
the detergent  solution because it takes place in the 
detergent solution and not at the surface. Since the 
lower surface tensions result f rom higher conchs of 
surfaetant ,  it is not possible to determine whether the 
improvement  in the flow mechanism rate constant is 
caused by the lowering of the surface tension or by  
the detergency power or some other additive p roper ty  
of the surfactant .  The flow-mechanism rate constant 
is considerably less with saponin as a surfactant  than  
with dimethylnaphthalensulfonate  at  the same surfaee 
tension• Although not conclusive, this supports  the 
hypothesis that  at  least a port ion of the increase in the 
flow mechanism rate  constant at  higher su r fae tan t  
concentrations is related to the detergency propert ies  
of the surfae tant  ra ther  than the reduced surface ten- 
sion. At  present,  it is not known to what  extent the 
surface tension of the detergent solution affects the 
flow mechanism rate  constant. 
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