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A857RAC7 

A 5tudy 0f r011-up 1n a m0de1 011y-5011 deter9ent 5y5tem ha5 5h0wn 
that the add1t10n 0f a 5ec0nd 5urfactant 1n a m1n0r am0unt t0 an 
effect1ve deter9ent can e1ther enhance 0r 1nh161t r011-up. Wh1ch 
effect take5 p1ace depend5 0n the re1at1ve 5urface act1v1ty 0f the 
c0mp0nent5, the 1eve15 u5ed, and, f0r 10n1c 5urfaetant5, the e1ectr0- 
1yte c0ntent. Add1t10n 0f an10n1c 5urfactant5 can reduce the per- 
f0rrnance 0f an effect1ve n0n10n1c under 10w 10n1c 5tren9th/10w 
hardne55 c0nd1t10n5. H0wever, 1n h19h 10n1c 5tren9th/h19h hardne55 
501ut10n5, where the an10n1c 15 effect1ve, the 51tuat10n 15 rever5ed and 
add1t10n 0f the n0n10n1c c0mp0nent can, 1n 50me ca5e5, reduce the 
rate 0f r011-up. R011-up 6ehav10r appear5 t0 6e c0ntr011ed 6y the 011/ 
water 1nterfac1a1 ten510n. When the 1nterfac1a1 ten510n 1ncrea5e5 
a60ve a cr1t1ca1 va1ue, r011-up 15 1nh161ted. A the0ry that ha5 6een 
u5ed t0 pred1ct 5urface ten510n5 0f m1xture5 15 a150 u5efu1 1n e5t1- 

mat1n9 011/water 1nterfac1a1 ten510n5. 7he  the0ry pr0v1de5 an under- 
5tand1n9 0f why the 1nterfac1a1 ten510n can r15e when m1xed m1ce11e5 
are f0rmed. 

1N7R0DUC710N 

1t 15 9enera11y accep t ed  t h a t  the  r011-up pr0ce55 15 t he  pr1- 
mary  mechan15m 6y  wh1ch n0np01ar  011y 114u1d5, e.9., 
m1nera1 011, are r em0ved  f r 0 m  10w ener9y  5urface5 (1). F0 r  
p01ar 0115, emu151f1cat10n can a150 p1ay a r01e 1n rhe  rem0va1 
pr0ce55. Ear11er w0rk  1n 0u r  1a60ra t0ry  (2) 5h0wed t h a t  5ur- 
f a c t a n t  5 t ruc ture  15 1mp0r t an t  1n determ1n1n9 the  eff1c1ency 
0 f  011 r011-up 1n a m0de1 de t e r9ency  5y5tem. F0r  d e t e r 9 e n t  
ran9e e th0xy1a ted  a1c0h015, the  t y p e  0 f  h y d r 0 p h 0 6 e  deter -  
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mines roll-up ef f ic iency-which  has the order, alkylphenol 
> secondary alcohol > primary alcohol. The degree of 
e thoxylat ion is also a major factor, as shown in Figure 1, 
where for a primary alcohol there is a sharp decline in oil 
removal efficiency as the degree of e thoxylat ion increases. 

There appears to be a strong dependence of the rate of 
roll-up in the model experiments on the oil/water inter- 
facial tension (3). For  example, the rate of removal in- 
creases and the interfacial tension continues to decrease as 
the surfactant concentration is increased beyond the critical 
micelle concentration (CMC). Of the three types of com- 
mercial nonionics mentioned above, the alkylphenol 
ethoxylates have the lowest oil/water interfacial tension 
when compared at the same ethylene oxide content and 
surfactant concen t ra t ion-a  fact which is consistent with 
their superiority in roll-up. Also, addit ion of oleic acid to 
the oil phase reduces the mineral oil /water interfacial ten- 
sion, facilitates the roll-up process and minimizes the differ- 
ences in performance among the e thoxylated alcohols. 

The present study was undertaken to determine how 
mixtures, particularly of dissimilar surfactants, e.g., non- 
ionic/ionic, perform in model roll-up experiments and how 
they are affected by ionic strength and divalent ions. 
Since many commercial detergents contain surfactant mix- 
tures, it was felt that such a study could lead to a bet ter  
understanding of the formulation principles underlying the 
achievement of  superior oily-soil removal. 

I 
m x ] l  
T(sec.) 

• TERGITOL 25-L Series 
,, 

k. 
0 J ~ ~ J _ . .  

6 8 I0 

Average E.0. Chainlength 

FIG. 1. Removal  efficiency (expressed as the reciprocal of removal 
t ime) as a funct ion of  average EO chainlength in the TERGITOL | 
25-L series at 0.1% conch.; mineral oH. 

E X P E R I M E N T A L  

Materials 

Arcoprime 90 white mineral oil from Atlantic Richfield has a 
viscosity of  91 SUS at 100 F. Oleic acid was from Sigma 
Chemical Company (St. Louis, MO). Heptaethyleneglycol 
dodecylether (CI2ET) and sodium dodecyl  sulfate were 
from Nikko Chemicals Co., Ltd., and cetyl tr imethylam- 
monium bromide (CTAB) from Fine Organics (Lodi,  N J). 
Mylar film is a DuPont polyethylene terephthalate film 
with a minifnum of surface defects. The polyester  fi lament 
yarn was obtained from Fiber Industries and was cleaned 
as described previously (4). The TERGITOL | nonionic 
surfactants used are nonylphenol,  primary and secondary 

alcohol ethoxylates from Union Carbide Corporation. The 
primary (L) alcohol ethoxylates are based on C12-Cls 
alcohols and the secondary (S) on C l t - ( ; l s  alcohols. The 
final number in each designation refers to the average num- 
ber of EO units in the surfactant. Linear alkylbenzene sul- 
fonate (LAS) was prepared by neutralization with NaOH 
of Calsoft LAS-99 from Pilot Chemical. 

Procedures 

The experimental details for the model detergency system 
have been described previously (1). Briefly, the method in- 
volves measuring the removal times of 2 /IL oil droplets 
placed on a clean Mylar film which is subsequently sub- 
merged in 400 g of surfactant solution. All tests were per- 
formed at 25 C. After submersion of  the film, the solution 
is mildly agitated. 

Surface tensions were measured using a platinum 
Wilhelmy plate with a Cahn Model C27 electrobalance. 
Interracial tensions were measured with a spinning drop 
interfacial tensiometer, Model 500, from the University of 
Texas. Total carbon analysis was performed with a Beck- 
man Tocamaster 915B (4, 5). The UV spectrophotometer  
used was a Beckman Acta CV. 

R E S U L T S  

Oil Removal Performance at L o w  Ionic Strength 

Various mixtures of nonionic and ionic surfactants were 
tested in the model detergency system with mineral oil and 
mineral oil containing 5% oleic acid, "polar  mineral oil", as 
the model soils. The results for TERGITOL | 25-L-7 and 
LAS mixtures are summarized in Table I. 

In distilled water, LAS solutions do not  remove either 
type of oil, whereas TERGITOL | 25-L-7 is very effective 
in removing the polar mineral oil and moderately effective 
with mineral oil. Addit ion of LAS to 25-[:7 can drama- 
tically reduce the rate of oil roll-up with the effect depend- 
ing on the LAS concentration. For example, at a LAS 
concentration of 0.05 wt % (2:1 ratio of nonionic to 
anionic in Table I), oil removal from the polyester surface 
does not occur. 

Other TERGITOL | nonionic surfactants were tested, 
both alone and in combination with the alkylbenzene sul- 
fonate. The results for TERGITOL | 15-S-7 and NP-10 are 
summarized in Table II. In agreement with earlier work (2), 
both TERGITOL | NP-10 and 15-S-7 are more efficient 
than TERG1TOL | 25-L-7 in removing the nonpolar oil. 
Furthermore,  it is seen that the influence of LAS in de- 
creasing the rate of  soil removal is not unique to TERGI- 
TOL | 25-L-7 but occurs with all three nonionics. The 
results in Table II also indicate that the extent  of inhibition 
depends on the ratio of nonionic to anionic. For example, 
addition of 0.005% LAS increases the roll-up time for 0.1% 
TERGITOL | NP-10 from 1 rain to 8 rain, whereas oil re- 
moval is completely arrested when this concentration of 
LAS is combined with 0.05% TERGITOL | NP-IO. 

As is well known, commercial nonionics have a distribu- 
t ion of chainlengths in both the hydrophobe and hydro- 
phile. To test the efficiency of  a monodisperse surfactant, 
heptaethylene glycol dodecyl ether (C12E7) was used. Mix- 
tures of Ct~E~ with other charged surfactants, such as 
sodium dodecyl  sulfate (SDS) and cetyl t r imethyl  ammo- 
nium bromide (CTAB), were also studied to determine if 
the behavior of mixtures found earlier is specific to LAS. 
The results are shown in Table I l l  for mineral oil and polar 
mineral oil. 

i t  is seen that the purified nonionic, CI2E7, is more effi- 
cient than TERGITOL | 25-L-7 for the nonpolar oil. As 
with the commercial surfactants, the rate of oil removal is 
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SURFACTANT MIXTURES IN OIL DETERGENCY 

TABLE I 

Oil Removal by TERGITOL | 25-L-7 and LAS Mixtures 

Removal time 
Surfactant system Oil type (min) 

0.1% 25-L-7 Mineral oil 48 
0.1% LAS Mineral oil No removal 
0.1% 25-L-7 + 0.05% LAS Mineral oil No removal 
0.1% 25-L-7 + 0.005% LAS Mineral oil 133 
0.1% 25-L-7 + 0.001% LAS Mineral oil 43 

0.05% 25-L-7 Mineral oil + 5% oleic acid Immediate removal 
0.1% LAS Mineral oil + 5% olcic acid No removal 
0.05% 25-L-7 + 0.05% LAS Mineral oil + 5% oleic acid No removal 
0.05% 25-L-7 + 0.005% LAS Mineral oil + 5% oleic acid 53 
0.05% 25-L-7 + 0.001% LAS Mineral oil + 5% oleic acid 5 
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TABLE II 

Mineral Oil Removal by TERGITOL | Nonionic/LAS Mixtures 

Removal time 
Surfactant system Oil type (min) 

0.1% NP-10 Mineral oil 1 
0.1% NP-10 + 0.005% I.AS Mineral oil 8 
0.1% NP-IO + 0.001% LAS Mineral oil 1 
0.05% NP-IO Mineral oil 2 
0.05% NP-IO + 0.005% LAS Mineral oil No removal 
0.05% NP-IO + 0.001% LAS Mineral oil 3 
0.05% 15-S-7 Mineral oil 8 
0.05% 15-S-7 + 0.005% LAS Mineral oil No removal 

0.05% NP-IO Mineral oil + 5% oleic acid Immediate removal 
0.05% NP-IO + 0.02% LAS Mineral oil + 5% oleic acid No removal 
0.05% NP-IO + 0.01% LAS Mineral oil + 5% oleic acid 10 
0.05% NP-IO + 0.005% LAS Mineral oil + 5% oleic acid Immediate removal 
0.05% 15-S-7 Mineral oil + 5% oleic acid I 
0.05% 15-S-7 + 0.02% LAS Mineral oil + 5% oleic acid No removal 
0.05% 15-S-7 + 0.005% LAS Mineral oil + 5% oleic acid 27 

TABLE Ill 

Mineral Oil Removal by CmE ~ and Ionic Surfactants 

Removal time 
Surfactant system Oil type (min) 

0.1% Ct2E 7 
0.1% CmE 7 + 0.005% LAS 
0.1% CmE ~ + 0.001% LAS 
0.05% CTAB 
0.1% Ct2E7 + 0.05% CTAB 
0.1% C,2E s + 0.005% CTAB 

0.05% C m Es 
0.05% CmE. 7 + 0.0275% SDS 
0.05% CtaE. 7 + 0.0163% SDS 
0.05% Ct2E 1 + 0.005% SDS 
0.05% CmE 7 + 0.0163% LAS 
0.05% Ct2E n + 0.0106% LAS 
0.05% CmE ~ + 0.005% LAS 

Mineral oil 10 
Mineral oil 31 
Mineral oil 10 
Mineral oil No removal 
Mineral oil No removal 
Mineral oil 38 

Mineral oil + 5% oleic acid Immediate removal 
Mineral oil + 5% oleic acid No removal 
Mineral oil + 5% oleic acid 12 
Mineral oil + 5% oleic acid Immediate removal 
Mineral oil + 5% oleic acid No removal 
Mineral oil + 5% oleic acid 23 
Mineral oil + 5% oleic acid Immediate removal 

dec reased  w h e n  LAS is p r e s e n t  above  s o m e  critical conc en -  
t r a t i on .  F u r t h e r m o r e ,  it is o b s e r v e d  t h a t  t he  o t h e r  cha rged  
s u r f a c t a n t s  also inh ib i t  oil r emova l  in t he  m o d e l  s y s t e m  
w h e n  m i x e d  wi th  an e f f i c ien t  n o n i o n i c  de t e rgen t .  Inspec -  
t ion  o f  Tab l e  111 ind ica tes  t h a t  t he  wash  s o l u t i o n  can toler-  
ate a h igher  c o n c e n t r a t i o n  o f  t he  less su r face  active SDS,  
as c o m p a r e d  wi th  the  m o r e  su r face  active LAS,  b e f o r e  

ro l l -up  is inh ib i t ed .  
Since b o t h  n o n i o n i c / a n i o n i c  and  n o n i o n i c / c a t i o n i c  mix-  

t u r e s  d i sp l ayed  " n e g a t i v e  s y n e r g i s m "  in ro l l -up  in l ow ionic 
s t r eng th  so lu t i ons ,  e x p e r i m e n t s  were  also d o n e  w i t h  non -  
i o n i c / n o n i o n i c  m i x t u r e s .  T h e  resu l t s  in Tab le  IV  ind ica te  
t ha t  t he  a d d i t i o n  o f  0 .01% T E R G I T O L  | 25 -L-20  to  a 0.1% 
T E R G I T O L  | 25-L-7 c o m p l e t e l y  inh ib i t s  r e mo v a l  o f  

JAOCS, vol. 60, no. 7 (July 1983) 
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TABLE IV 

Mineral Oil Removal by Mixtures of TERGITOL | Nonionic  Sur- 
factants 

Removal time 
Surfactant system (rain) 

0.1% 25-L-7 48 
0.1% 25-L-20 No removal 
0.1% 25-L-7 + 0.01% 25-L-20 No removal 
0.1% 25-L-7 + 0.001% 25-L-20 45 
0.05% NP-IO 2 
0.1% NP-40 No removal 
0.05% NP-10 + 0.01% NP-40 10 

mineral oil from polyester film. Similar effects were ob- 
served with NP-10/NP-40 mixtures. 

The results presented above indicate that combining a 
poor surfactant for oil removal with an efficient surfac- 
rant can result in poor performance in the model deter- 
gency system even though the poor surfaetant may only 
comprise 10% of the total surfactant concentration. This 
effect is found with both nonionic/ionic and nonionic/ 
nonionic mixtures. 

Oil Removal Performance 
in the Presence of Electrolytes 

The studies described in the previous section were done  in 
distilled water  and are thus models  for oily soil removal  in 
either soft water  or  in "ove rbu i l t "  systems. 

The  influence o f  e lec t ro ly te  on the roll-up of  non ion ic /  
ionic mixtures  is quite striking. The  effect  of  NaCI in 
25-L-7/LAS mixtures  is shown in Figure 2. Whereas the 
nonionic  alone is only slightly affected by salt, the salt 
concent ra t ion  has a large ef fec t  on the removal  t ime with 
I.AS. In fact,  the mineral  oil removal t ime of  the mixed 
system with 0.5 m NaCI is less than half that  of  the non- 
ionic alone. 

Divalent ions have an even greater ef fec t  with nonionic /  
LAS mixtures.  As shown in Figure 3, addi t ion of  Mg 2§ 
dramatical ly  increases the oil removal eff ic iency of  LAS. 
Magnesium salts of  alkyl sulfonates and sulfates are gen- 
erally more surface active than the corresponding sodium 
salt. For  example,  above the CMC, a solut ion which con- 
tains an equivalent  molar  a m o u n t  of  Mg 2§ to LAS has a 
surface tension which is ca. 5 dynes/era  less than that  of  a 
LAS solut ion wi thou t  Mg 2§ It can be inferred f rom Figure 
3 that  LAS with Mg 2+ is more eff icient  in mineral oil roll-up 
than T E R G I T O L  | 25-L-7. In this case, the T E R G I T O L  | 
25-L-7 is the less surface active c o m p o n e n t  and, at a Mg 2+ 
concent ra t ion  of  be tween  0.1 and 0.75 equivalents,  actually 
impedes the removal  of  oil when it is the minor  compo-  
nent.  The behavior  of  the nonionic /an ionic  mix ture  as 
regards roll-up of  nonpolar  soil can thus be comple te ly  
altered in going f rom distilled to salt conta ining (including 
hard) water.  

Adsorption and Interfactial Tension Measurments 

In order to bet ter  unders tand the behavior  of surfactant  
mixtures  in the model  detergency studies, surfactant  ad- 
sorpt ion on polyester  fiber and interfacial tensions were 
measured.  Nonionic  surfactants such as T E R G I T O L  | NP- 
10 have been shown to adsorb f rom aqueous  solut ion to 
form a mono laye r  on the polyester  f iber (4). Adsorpt ion  
isotherms for  mixtures  of  T E R G I T O L  | NP-10 and LAS are 
shown in Figure 4 as a funct ion  of  the equi l ibr ium non- 
ionic surfactant  concent ra t ion  in solution.  Tota l  carbon 
analysis (5) and Hyamine  t i t ra t ions were used to de te rmine  
adsorpt ion.  LAS alone absorbs only slightly on polyester  
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FIG. 2. Influence of  the concentration of  NaCI (moi /L)  on removal 
t ime for mineral oil from polyester. 
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FIG. 3. Influence of  Mg 2+ 
from polyester. 
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FIG. 4. Adsorption isotherms of  TERGITOL | NP-10/LAS mixtures 
on polyester fiber. Symbol  * indicates component  whose  adsorption 
is represented in each curve. 
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from either 50 or 150 ppm solution in distilled water, and 
its adsorption is further reduced on addition of  nonionic. 
Addit ion of either 50 or 150 ppm LAS to TERGITOL | 
NP-10 results in a slight decrease in the amount  of non- 
ionic adsorbed, ttowever, the effects are minor when com- 
pared to the oil roll-up results. 

As noted previously (2, 3), the oil/water interfacial ten- 
sion is an important  parameter in determining oil roll-up 
efficiency. The interfacial tensions of TERGITOL | 25-L-7, 
LAS and their mixtures in distilled water are shown in 
Figure 5. The pronounced "aging effect" has been dis- 
cussed by Dillan (3), and appears to be due to partit ioning 
of components in the oil phase. Addit ion of LAS to 
TERG1TOL | 25-L-7 increases the interfacial tension in 
distilled water until, at higher LAS concentrations, the 
interfacial tension approaches that of  LAS. The effect of  
interfacial tension on roll-up efficiency for LAS and 
TERG1TOL | 25-L-7 mixtures is shown in Figure 6. For 
these systems there appears to be a critical interfacial ten- 
sion value of ca. 2.5 dynes/cm, above which no oil removal 
occurs. This critical tension probably depends on the degree 
of  agitation in the detergency experiment and should not  
be taken as having an inherent significance. However, the 
results in Figures 5 and 6 indicate that addit ion of a less 
surface active component  can lead to a significant increase 
in the interfacial tension of the mixture and so adversely 
influence oil removal. On changing to hard water, 
conditions can change drastically. Dillan (private communi- 
cation) has found that the interracial tension of LAS solu- 
tions (against paraffin oil) is less than 1 dyne/cm at MgCI2 
concentrations of > of 0.01%. Thus, in mixtures with 
TERGITOL | 25-L-7 under these conditions, magnesium 
LAS would dominate in lowering the interfacial tension. It 
is accordingly expected that under certain mixing ratios and 
total concentrations TERGITOL | 25-L-7 could increase 
the interfacial tension when added to LAS in hard water. 
This behavior is consistent with the roll-up efficiencies de- 
picted in Figure 3 where the nonionic surfactant can 
actually impede the action of  LAS. 

D I S C U S S I O N  

It can be readily shown from the Gibbs adsorption equation 
that the surface or interfacial tension of  a two component  
surfactant mixture can increase with increasing total  con- 
centration of the less surface active species. For this to 
occur, the solution activity of the other surfactant must 
decrease. It is well known from various studies of the 
thermodynamics of  surfactant mixtures ( 6 - 8 )  that,  above 
the CMC of a surfactant mixture, the monomer activity of 
the more surface active component  can decrease with in- 
creasing concentrat ion of  the less surface active species. 

Recently Garret t  (9), lngram (10, 11) and Rosen (12) 
have been able to predict accurately the surface tension of  
mixed surfactant solutions from a knowledge of the sur- 
face tensions of the individual components.  Their analysis 
can also be used to predict oil/water interfacial tension. 
However, it has to be modified to take into account parti- 
tioning of the surfactant between the oil and water phases. 

When surfactant miceUes are treated as a separate phase 
composed of  completely miscible liquids, the condition for 
equilibrium of  each surfactant species is: 

A#~' = RT In CMC[' = RT In 
Ci 

f~iX m . . .  i = 1, 2 [11 

where X m and fm are the mole fraction and activity coeffi- 
cient, respectively, of component  i in the miceUar phase; 
Ci is the monomer  concentration in the aqueous phase and 

I o 0.1: 2~-L-7 
a ~,~-* 23-L-1 * 0,g0S~, t.~5 
A 0,l ~r 25-[-7 * 0,0]2 L~S 
o 0,1% 25-L-7 �9 0.05~ ~S 
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8.0 .. . .  
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FIG. 5. Mineral oi l /water interracial tensions of  TERGITOL | 25- 
L-7/LAS mixtures  as a funct ion  of  equ i l~ra t ion  t ime.  
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FIG. 6. Influence o f  interracial tension on the removal  e f f ic iency  of 
mineral oil from polyester  f i lm in ~ e  presence of  TERGITOL "~ 
25-L-7/LAS mixtures.  

CMC[ is CMC of component  i alone in water. The term 
A ~  ~ represents the difference in the standard chemical 
potential  of component  " i"  in the two "phases." The 
standard state for the " i th"  surfactant in the aqueous phase 
is an ideal one molar solution. For  the micelle phase the 
standard state is chosen as X m = 1. 

Equation 1 is not correct for ionic surfactants since their 
chemical potential  in the micelle phase is strongly influ- 
enced by the type and concentration of  counter-ions. 
Furthermore,  the counter-ion concentration varies with 
total surfactant concentration and mixing ratio. These 
effects can be explicit ly taken into account,  as was done 
recently (13). Equation 1 is a useful approximation pro- 
vided the CMC~ values are chosen at the same ionic strength 
as the mixture and the counter-ion concentrations do not  
vary greatly over the surfactant concentration studied. 

Equilibrium between the bulk and the interface can be 
analyzed in a similar way; the equilibrium condition is 
( 9 - 1 2 ) :  

Ci 
A# ~ = RT In C~ (3') = RT In ~ . . .  i = 1, 2 

fi Xi 

where X s and fs are the mole fraction and activity coeffi- 
cient of component  i in the surface phase. C[ (3') is the 
monomer concentration in a solution containing compo- 
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nent i alone that  would have the same interracial tension, 
3', as that  of the mixture;  constant temperature and pres- 
sure are assumed. By definition, C~ (3') is a standard state 
(11, 12) and may not  be physically realizable. For  many 
surfactant solutions, the surface and interfacial tensions are 
exponential  functions of the monomer concentration near 
their CMC ( 1 0 - 1 2 ,  14, 15). Thus, C 1 (3') can be defined by 

3' = Ai + Bi In C~ (3') [3] 

where A i and B i are constants that  are obtained from 
experiment.  

Equation 2 is an approximation for mixtures containing 
ionic surfactants because of the counter-ion effects dis- 
cussed previously in connection with Equation 1. Thus, 
C~ (3') must be measured at the same ionic strength that  is 
present in the mixture. 

Equation 3, together with Equations I and 2 in the form: 

and 

Ci 
m m 

X i  f i  -CMC~ [41 

Ci 
x[ei - [51 

c~ (7) 

allow the interfacial tension of the mixture to be computed 
in terms of  the composition of the mixture. However, to 
carry out  the analysis one needs expressions for the activity 
coefficients in the micelle, fm,  and surface phase, ~ii, and a 
condit ion expressing conservation of mass. 

Two types of  solution models have been found to give 
good agreement with experiment (8, 10, 12). The ideal 
solution model  (fro = ~ = 1) is useful for mixtures of sur- 
factants having similar polar head groups, e.g., nonionic/ 
nonionic mixtures. For  mixtures of dissimilar structures, 
e.g., ionic/nonionic mixtures, a regular solution model  is 
useful. In this case 

and 

fm exp /3 m (1 m 2 = - - X i )  161 

fs = exp - 3s (1 - xS) 2 I7l 

for i = 1, 2. The interaction constants/3 m and 3s are deter- 
mined experimentally (8, 11, 12). For  example, to predict 
the surface tension of a mixture of 2 surfactants, the 
surface tension of each component  must be known sepa- 
rately as a function of its concentration. This information is 
needed to determine CMC~, Ai, Bi in Equations 3--5. The 
surface tension of a mixture having some constant mole 
fraction L i of  each component  is then measured as a func- 
tion of the total  surfactant concentration. From this infor- 
mation, the CMC of the mixture, C~ and surface tension at 

this CMC, 7 (C@), are determined. From these values of 
CMC~, Ai, Bi, C@, 3' (C@) and the parameters/3 m and/3 s are 
back calculated from Equations 4 - 7  combined with the 
conservation of mass condition, 

C i = L i C@ [8] 

The values of  tim and/3 s so obtained can then be used to 
compute the surface tensions of  other mixtures by reappli- 
cation of Equations 4--7 and the conservation of mass 
condit ion which for a binary mixture is: 

C?w-c, cL-c  
X~ = 1 - X ?  

[9] 

where C1T and CTw are the total  surfactant concentrations 
of each component  in the aqueous phase. 

The above analysis can be used to compute oil/water 
interracial tensions of  surfactant mixtures. However, a 
complication arises when one or more components can par- 
t i t ion between the oil and aqueous phases. The analysis be- 
comes particularly complicated when micelles are formed in 
one or both of these phases (16), since the CMC~ can 
depend on the nature of the oil, and large amounts of  oil 
and water can be solubilized in the appropriate micellar 
phases. The case that  will be considered here involves par- 
titioning of only one component  and ignores both micelle 
formation in the oil phase and appreciable solubilization of  
oil in the aqueous phase. Under these conditions: 

C T = c T w + a ,  ~ C , = C T w + R C  1 [10] 

where C T is the starting concentration of  " i"  (all dissolved 
in the aqueous phase), C1T is the equilibrium total  concen- 
trat ion in the aqueous phase and C1 is monomer concentra- 
t ion of component  1 in the water phase, a l  is the part i t ion 
coefficient and q~ is the volume fraction of oil which is 
assumed to be immiscible with the aqueous phase. 

As an example of the behavior expected from a sur- 
factant mixture in which only one component  partit ions, 
the analysis was applied to compute the interfacial tensions 
of mineral oil against aqueous solutions of C12ET/LAS and 
TERGITOL | 25-L-7/25-L-20. Here only C12E7 and 
TERGITOL | 25-L-7 have appreciable solubility in mineral 
oil. The values of  3m and 3s and B i were computed by the 
analysis described above using surface tension data that  was 
already available. These values together with the measured 
CMC~ are collected in Table V. 

The values of A1 and A2 were computed from a single 
mineral oil/water interfacial tension at a surfactant concen- 
trat ion where the interracial tension no longer depended on 
total  surfactant concentration and was thus above its CMC 
in the aqueous phase. These results are also given in Table 
V. 

We recognize that  the values of  B i given in Table V are 
only approximations for the true values, since the areas per 

TABLE V 

Parameters Used to Estimate Oil/Water Interfacial Tensions of  Surfactant Mixtures 

Surfactants CMC~ (molar) 

1 2 1 2 3m 3s A 1 B l Az B: 

CmE 7 LAS 1.09 X 10 -4 2.29 X 10 -3 -4.73 --3.41 -44.4 --5.05 --38.7 -7.23 
25-L-7 25-L-20 1.76 X 10 -s 3.14 X 10 -s 0 0 --105.1 --9.75 --47.1 --5.31 

JAOCS,  vol. 60, no. 7 (July 1983) 



1339 
SURFACTANT MIXTURES IN OIL DETERGENCY 

surfactant  molecule  at the o i l /water  interface can be differ- 
en t  f rom those at the water  surface. This procedure  was 
considered acceptable since the calculat ions are intended to 
illustrate the type  o f  behavior  expected for surfactant  mix- 
tures rather  than to test a theory  that  we already know to 
be rather approximate .  

The results are shown in Figure 7 for 0.1% concent ra t ion  
o f  CI2E 7 or  TERG1TOL | 25-L-7, (i.e., the surfactants that  
parti t ion).  The  X-axis represents the concent ra t ion  of  the  
surfactant  with higher interracial tension,  i.e., LAS or 
T E R G I T O L  | 25-L-20. The results were  computed  for  the 
several values shown in Figure 7 of  the parameter  R of  
Equat ion  10. Since the vo lume fract ion of  oil in rotat ing 
drop measurement  of  interfacial tension is ca. 0 . 0 3 - 0 . 0 5 ,  
these values of  R span a range of  c~ f rom 0 to ca. 400 which 
is a reasonable range for  such nonionics  (16). 

E 

/ 
8.0 ~- "" 2 5 -L -7 /LAS : Measured 

t 
~- 25-L-7/25-L-20:  M e a s u r e d  

8.ot- 

4.0 

2.0 

O ~f/11 
i J  I 

1 I l I 1 

&o 2.0 1.0 

- L o g  C~(wt X ) 

FIG. 7. Comparison of  theoretical  est imates  of  oil/water interracial 
in surfactant mixtures with experimental results. Component  1 is 
either CtzE7 or TERGITOL | 25-L-7 at a fixed concentration of 
0 1% CTrepresmts the total  concentrat ion of  LAS or TERGITOL | 

�9 " 2 

25-L-.20. R represents the quantity aO/(1--~). In a rotating drop 
experunent ~ is ca. 0.05.  

Mineral o i l /water  interfacial  tensions measured for solu- 
t ions of  T E R G I T O L  | 25-L-7/LAS and T E R G I T O L  | 25- 
L-7/25-L-20 are also recorded in Figure 7. Considering the 
approximate  nature of the calculat ions and the fact  that  the 
actual surfactants  used are themselves mixtures,  the quali- 
tative agreement  be tween  the predicted behavior  and 
exper iment  is encouraging. The  calculations support  the 
view that  it is the fo rmat ion  of  mixed micelles with conse- 
quen t  changes in solut ion act ivi ty  that  is responsible for  the 
increases in interfacial  tensions that  are observed;  these, in 
turn,  control  the behavior  of  the mixtures  in oily soil 
roll-up. 
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