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T A B L E  I I  

a )  S o u t h e a s t  E x p e l l e r  O i l  ( 1 . 6 %  F F A )  
Refined by hydraul ic  oi l  c o n d i t i o n s  

1 2  ~ B 6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 6  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Refined by E x p e l l e r  o i l  c o n d i t i o n s  -}- 2 2  ~ B 6  
1 6  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2 0  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 2  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
b )  V a n e y  E x p e l l e r  O i l  ( 2 . 1 %  F F A )  

Refined b y  h y d r a u l i c  oi l  c o n d i t i o n s  
12  ~ B 6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 6  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Refined by  E x p e l l e r  o i l  c o n d i t i o n s  -1- 22  ~ B 6  
1 6  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 0 %  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 2  a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

c)  S o u t h w e s t  E x p e l l e ~  Oi l  ( 0 . 8 %  F F A )  
Refined by hydraul ic  oil  c o n d i t i o n s  

12  ~ B 6  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 4  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Refined by E x p e l l e r  o i l  c o n d i t i o n s  ~ 2 2  ~ B 6  
1 6  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2 0  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 2  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

d )  W e s t  Coast  E x p e l l e r  0 i l  ( 1 . 2 %  F F A )  
Refined by hydraul ic  oil  c o n d i t i o n s  

1 2  ~ B g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 4  ~ . . . . . . . . . . . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Refined by  E x p e l l e r  o i l  c o n d i t i o n s  -1- 2 2  ~ B 6  
1 6  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2 0  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2 2  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

R e f .  loss  

% 

8 . 4 0  
8 . 1 8  

8 . 6 3  
9 . 5 2  

1 0 . 1 6  

9 . 0 4  
8 . 0 5  

8 . 9 6  
9 . 6 2  

1 0 . 1 7  

6 . 9 7  
6 . 7 9  

7 . 2 5  
7 . 2 8  
7 . 5 3  

6 . 3 1  
6 . 1 0  

6 . 3 9  
6 . 6 0  
6 . 7 4  

so% 
R e f .  c o l o r  

r e d  

7 3 . 5 3  
1 1 , 9 8  

1 0 . 8 5  
9 . 9 2  
9 . 9 7  

7 . 9 6  
7 . 6 0  

7 . 0 5  
6 . 6 5  
6 . 5 2  

6 . 5 0  
6 . 4 6  

5 . 7 1  
5 . 4 7  
5 . 3 5  

6 , 2 4  
5 . 8 8  

5 . 1 3  
4 . 7 8  
4 . 8 5  

B1. c o l o r  

r e d  

5 . 2 4  
4 . 7 4  

4 . 3 0  
3 . 9 1  
3 . 7 2  

3 . 2 0  
3 . 2 1  

2 , 6 6  
2 . 5 7  
2 . 3 5  

2 . 8 7  
2 . 6 0  

2 . 3 1  
2 . 2 1  
2 . 0 9  

2 . 2 1  
2 . 1 1  

1 . 8 0  
1 . 5 4  
1 . 5 7  

R e f .  loss  

% 

8 . 5 6  

1 0 . 1 4  
1 0 . 4 7  

8 . 9 7  

1 0 . 8 5  
11.39 

7.97 
8.41  

7 . 5 3  
7 . 6 9  

10o% 
tCef, c o l o r  

f e d  

11.20 

9.29 
9 . 1 5  

7 , 2 6  

6 . 2 1  
6 . 1 4  

5 . 3 3  
5 . 0 4  

4 . 6 1  
4 . 4 7  

BI .  co lo r  

T e r  

4 . 2 8  

3 . 5 8  
3 . 3 8  

2 . 8 3  

2 . 2 2  
2,09 

2 . 0 6  
1 . 9 6  

1 . 4 4  
1 . 4 0  

A comparison of the sett lement results on the four  
oils, using the hydraulic  oil-refining conditions now 
perinit ted by the rules, and the criterion of this ex- 
per iment  (the lowest loss with a bleach color within 
) ,  (.2 red above the lowest bleach obtained) is of irlterest 
( Table I [ I  ). 

T A B L E  I l l [  

P r e s v n t  E x p e r i m e n t a l  I [ 
[ s c t t l e m c m  [ Di f f~r -  

c r i t e r i o n  I ence i n  I e n c e  in  
Oil  ] ru l , !  ] s e t t l  . . . . . .  t ] D i f f e r -  I 

L - -  I I . . . .  [ loss  bl .  c o l o r  
i i . . . .  i , , , , , , , o r l ,  .....  leolo l . . . . . .  / 

Southeast  . . . . . . . . . . .  8 . 5 6  4 . 2 8  1 0 . 1 4  I 3 , 5 8  I @ 1 . 5 8  - - 0 . 7 0  
V a l l e y  . . . . . . . . . . . . . . . .  [ 8 . 0 5  I "L21 I 1 0 . 8 5  I 2 . 2 2  1 + 2 . 8 0  [ - - 0 . 9 9  
W e s t  T e x a s  . . . . . . . .  [ 6 . 7 9  I 2 . 6 0  I 7 . 2 8  I 2 , 2 1  I + 0 , 4 9  / - - 0 . 3 9  
W e s t C o a s t  . . . . . . . . .  t 6 . 1 0  ~ 2 . 1 1  / fi.fiO I 1 . 5 4  / + 0 . 5 0  / - - 0 . 5 7  

These results confirm the eonehlsion of the earlier 
work of the committee,  repor ted in September  1958, 
that the use of hydraulic  oil refining conditions on 
current Expel ler  oils for  settlenlent purposes (Rule 
150) results in a substantial lUMer-refining of tlbe oil 
compared to the rcquirenleltts of eomnlercial practice. 

Examina t ion  of the individual data reveals that 
the experimental  criterion of allequate refiMng was 
met in all eases by the 16 ~ and 2(I ~ 135 results, i.e., 
the current conditions specified for Expel ler  oil if the 
seller does not choose the hydraul ie  oil conditions. 
This repor t  is published because il is believed that the 
work will be of general iutcrest.  

1). lJ. III,:NI~Y, chairman 

[ R e c e i v e d  F e b r u a r y  4 ,  1 9 6 0 ]  

Effect of Temperature on Critical Micelle Concentration 

M. E. G I N N ,  F. B. K I N N E Y ,  and J. C. HARRIS,  Monsanto Chemical Company, 
Research and Engineering Division, Dayton, Ohio 

EWEWS of the l iterature of critical mieelle concen- 
tration (cmc) and solubilization by Klevens (6, 
8) indicated some of the conflicting ~iews con- 

eerning the effect of temperature on these measure- 
nlents .  S ince  no conc i s e  c o l l e c t i o n  of  the  v a r i o u s  
statements had been made, these are shown in Table I. 

Certainly some of the apparent disagreement may  
be attributed to the method and conditions chosen 
for measurement  of critical concentration and to the 
samples investigated. Some ionic surfaetants  measured 
by conduct iv i ty  proeedllres showed cmc increases with 
increasing temperature while the converse was found 
when using the spectral dye method. Results with 

the latter method were attritnlted to ehanges in dye 
aggregation and not to lnieelle formation (7) .  

In eases where the same compounds have beerl used, 
a difference in method for measurement  may affect 
the magnitude of the change. In gerleral, it appears 
that the most marked changes in the measurement  
value and in emc occur above 40~ though here a 
contrary report (2) appears. Another  (3) indicates 
independence of eme and temperature,  and still an- 
other points out for organic liquids that their sohl- 
bilization is reduced by increased temperature (18) .  
However  the general consensus for ionic surfactants  
seems to be that cme illcreases with increase in tern- 
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TABLE I 

L i t e r a t u r e  Values  of the Ef fec t  of Tempera tu re  on cmc 

Surfactant Tempera tu re  Procedure  Effect of t empera tu re  increase  Ref. 
range,  ~ 

Na S o a p s - - C ~ C l ~  ........................................................ 2 0 - > 4 0  

Miscel laneous ................................................................ 3 0 - 5 0  

L a u r y l  sulfonic  acid ..................................................... 0 -90  
P o t a s s i u m  l au ra t e  

Na Clo-Cls alkyl  sulfa tes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Na Clo, C1% Clo sul fonates  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 4 0 - 8 0  

K acetate and  l aura te  ................................................... [ 2 5 - 3 5  

Na myr i s ta te  ................................................................ I l 7 -80  
[ 

a 1 ~ u r a t e  a n d  m y r l s t a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  / l 7 - 8 0  

Refrac t ion  

Solubi l izat ion (of dimethyl- 
aminoazobenzene ) 

Conduct iv i ty  

Visual  

Condm.t iv i ty  

Densi ty  

Conduct iv i ty  

Conduct iv i ty  

Inc rease  in cmc marked  above 
40~ 

Solubi l izat ion and cmc increase  

Above 50~ cme increases 

Solubi l izat ion of organic  l iqu ids  
reduced by increase 

Conductance  and cmc increase  

(.me lower at  35 ~ , less change 
in cme above 35 ~ 

Increase  in conductance and cme 

No change 

6 

1 0  

l 

18  

19 

2 

4 

3 

perature .  Crit ical nliccllc ~,allleS for nonionic surf-  
actants  are no t  extensive, and no work concerning 
cmc- temp/ , ra ture  dependence for them appears  to 
have been nlade. 

The need for  studies t(t (,larify the status of tem- 
pera ture  dependence of cmc is apparent ,  par t i cu la r ly  
as this factor  can have considerable pract ical  impor- 
tance. Measurement  of Chic at a var ie ty  of tempera-  
tures is a tedious operatioll, and it  f requent ly  may  be 
adequate  only to estimate the extent  of a predictable  
trend,  provided tha t  the t rend has been determined. 
This pape r  repor ts  the magni tude  and direction of 
change in cmc for  several anionic and nonionic snrf-  
actants  as measured at 25, 50, and 75~ 

Experimental 
Since both anionic and nonionic sur fac tan ts  were 

to be examined in this study, a method for  determi- 
nation of cmc was required which was applicable to 
both types, el iminating as possibilities those proce- 
dures dependent  upon the ionic character  of the 
compound. Chosen was a dye solubilization technic 
(10, 11, 13, 14, 16, 17). P re l imina ry  evaluation indi- 
cated, as others had found (11), tha t  1-o-tolylazo-2- 
naphthol  (Ex te rna l  Orange No. 4, originally Orange 
OT) was less soluble in these systems than  dimethyl-  
a m i n o a z o b e n z e n e  ( D M A B )  a n d  a d d i t i o n a l l y  t h a t  
sl ightly bet ter  reproducibi l i ty  was at ta inable  with it. 

Procedure.  Exte rna l  D & C Orange No. 4 was p u r l  
fled by reerystal l izat ion (20 g. f rom 1,800 ml. of 
ethanol, followed by vacuum d ry ing  at 50~ Call- 
bra t ion curves of concentration versus optical densi- 
ties were p repa red  by replicate measurement  at 500 
mu in a l~-in.-diam, test tube, using a Spectronic 20 
(Bausch and Lomb)  spectrophotometer .  

Dye in 25-rag. quanti t ies  was t r ans fe r red  to 25 • 95- 
ram. vials fitted with foil-tined (t in or silver, 10 rail in 
thickness) screw caps. Stock solution of su r fac tan t  
was p ipet ted  to the vials, and distilled water  was added 
to provide proper  dilution, covering a range of con- 
centrations. The vials were rota ted 16 hrs. at  25~ 
Fol lowing the rotat ion period, the samples were stored 
upr igh t  for  24 hrs. at 25~ Three-ml. samples of the 
supe rna tan t  l iquid were filtered th rough  small plugs 
of absorbent  cotton, then t r ans fe r red  to photometer  
test  tubes, and diluted with 3 ml. of absolute alcohol. 
Optical  densi ty  was measured against  a 1:1 ethanol- 
water  solvent blank for  zero absorbence. Addi t ional  
measurements  were made at 24-hr. intervals  to obtain 
equi l ibr ium dye solubilities. The dye solubili ty was 

then plotted vs. snr fac tan t  concentration, a,ld the 
cmc was derived by suitable extrapolation t'r(nn ahovc 
and below the region where the greatest  (.hange in 
slope occurred. 

Materials  Tested. The surfac tants  used were <:are- 
ful ly  purified to renll)ve salts or unsulfonated nlate- 
rials resul t ing f rom preparat ion.  

Anionics .  Shown in F igure  I for  tempera tures  (tf 
25, 50, and 75~ are. emc values for  five sodilun 
alkylbenzeue sulfomm,s and for  sodium n-dodccyt 
sulfate as a comparison s tandard.  Wi th  the. exception 

20.0 

&_.--- 

I0.0 

5.0 

15.0 NaNBS - Ron~Ibenzene sulfonate 
Na n-DDS = n-Dodeeyl sulfate 

NaDDBS - Dodecylbenzene sulfonate 
N~DBS = Decylbenzene sulfonate 

NaTDBS - Trldecylbenzene sulfonate 
NaPDB$ = Pentadeeylbenzene sulfonate 

NaNBS 

~ Na n-DDS 

& - -  ~ NaDDBS 

O - -  

| NaTDBS 

Na-~BS .-O 
I I I 
25 50 75 

Temperature - eC 

FIG.  1. E f f e c t  o f  t e m p e r a t u r e  o n  c m e  o f  s o d i u m  a l k y l b c n z e n e  
sulfonates. 
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220"0 I 

I00.0~ 

8o.o 

60.0 

40.C 

20. 

P 

~ o  

m o l  

Do 
~ 0  

o 

o 

c 15 

8urfaotant Molecular Weight 
I I I * I I I 

280 300 320 340 360 380 400 

FIG. 2. T e m p e r a t u r e  s e n s i t i v i t y  of  e m e  v a l u e s  f o r  s o d i u m  
a l k y l b e n z e n e  s u l f o n a t e s  o f  v a r y i n g  m o l e c u l a r  w e i g h t .  

of the (le(.ylberlzcnc sulfonate, a keryl-base material ,  
the alkylbenzencs are olefin-derived, hence they are 
considerably branched in character.  Difference in 
branching helps to explain the apparen t ly  anomalous 
position of the decyl compound. 

T e m p e r a t u r e  s ens i t i v i t y  ( p e r c e n t a g e  c h a n g e  in 
cnm) of the alkylbenzene sulfonates is plotted in Fig- 
ure 2 as a function of sur fac tan t  molecular weight. 

Nonionics. The nonionies tested were laboratory-  
prepared samples. In  each case of va ry ing  ethylene 
oxide (E())  chain length, the same hydrophobe base 
(alcohol or alkylt)henol) was employed. The hydro- 
phobe bases however are not homologous, and this pre- 
vents a t ru ly  quaut i ta t ivc  evaluation of the effect of 
hydrophobe wtriation on emc for these compounds but  
permits  some per t inent  conclusions. 

Table I I  shows the eme data for  5 to 30 mole EO 
adduets  of decanol, tridecanol, nonylphenol,  and do- 
deeylphenol;  all the hydrophobes are branched-chain 
compounds. 

TABLE I I  

Fundamental  Data for ttomologous EO Condensates 

, e m e - - %  Concentration 
Surfaetant  

Deeanol+ 5.0 EO 
Decanol+10.0 EO 
Decanol+14.9 EO 
Decanol-F20.0 EO 
DeeanoI+29.4 EO 

Tridecanol+ 5.2 NO 
Tridecanol+10.1 E 0  
Tridecanol+15.2 E 0  
Tridecanol+20.0 EO 
Tridecanol+30.6 EO 

Nonylphenol+ 5.0 E 0  
Nonylphenol+ 9.8 EO 
Nonylphenol+15.4 EO 
Nonylphenol-[-20.0 E 0  
Nonylphenol+30.2 E 0  

Dodeeylphenol+ 5.0 E 0  I 
Dodecylphenol+10.2 EO I 
Dodecylphenol+15.1 EO I 
Dodacylphenol+20.1 E 0  
Dodecylphenol+30.6 EO 

~orlnula 
weight 

378 
598 
814 

1038 
1452 

426 
646 
866 

1080 
1545 

442 
651 
851 

~1100 
1550 

484 
709 
939 

1145 
1607 

0loud- 
point 
(~ 

< 4  
88 

>99.8 
> 9 8  
>98  

< 0  
61.3 

>98  
>98  
>98  

< 0  
57.8 

>98  
>98  
>98  

<0  36.8 >98 >98 >08 

25~ 50~ 75~ 

0.063 0,060 0,040 
0.16 0.096 0.085 
0.28 0.144 0.12 
0.60 0.29 0.19 
0.83 0.45 0.34 

9.0058 0.0050 0.0065 
).010 0.0078 0.00757 
3.023 0.015 0.010 
0.030 0.019 0.018 
9.080 0.046 0.025 

0.0025 0.0010 0,0019 
0.0040 0.0043 0.0042 
0.0070 0.0070 0.0092 
0.010 0.010 0.012 
0.024 0.020 0.019 

0.00075 0.000~ 0.0005 0,0010 0.000~ 0.0005 
0.0015 0.0010 0.0010 
0.0020 0,001C 0.0010 
0.0038 0.0010 0.0010 

Discuss ion  

Anionics. Figure  1 shows that  emc increases with 
sur fac tan t  concentration for sodium n-dodeeyl sulfate  
and presents the data  for  the series of sodium alkyl- 
benzene sulfonates. This series shows an increase in 
emc with t empera tu re  increase, confirming the find- 
ings of others. 

Change in cme values can be expressed either in 
total concentrat ion units  or as percentage change 
f rom the vahle at the initial temperature .  In  the 
ease of the lower cme range  (and thus more effec- 
tive sur fac tan ts ) ,  the uni t  change in cme is of a low 
order of magnitude.  Expressed as percentage change, 
the sensit ivity of eme to va ry ing  t empera tu re  is great-  
est for  the higher molecular weight (low cmc range)  
compounds. The greatest  change in cmc in terms of 
total concentration units occurs for the lowest molecu- 
lar weight compound of the series. These comparisons 
are shown in Figures  1 and 2. 

Both dye sohlbility and dye solubilizing power of 
the sur fac tan t  solutions are increased with increasing 
temperature ,  general, eme increases with temper-  
ature increase and the greatest  degree of change seems 
to occur between 50 and 75~ 

Conclusions of others (2, 3) that  cme is tempera ture-  
independent  mio'ht he arr ived at on the basis of nni t  
emc change by examining surfac tants  of sufficiently 
laro:e nloleeular weiR'ht or by having selected a suffi- 
ciently narrow tempera tu re  range for measurement .  

Nonionics. This important  class of sur fae tants  has 
received c o m p a r a t i v e l y  li111e a t t e n t i o n  in mice l le  
studies for two reasons: a) mmionies are difficult to 
measure since their  unreavl iv i ty  and nonionie char- 
acter prevent  the use of sueh popular methods as 
spectral  dye and conductivity,  aml b) nonionic EO 
eondensates of ah.ohols, alkylphcnols,  etc., as nor- 
mal ly  prepared  a r e  i l , l p l l r C ;  (qleh is a mixture  of com- 
pounds of vary ing  EO chain hmR'lh, according to the 
l i terature  (15), approaching a normal distribution. 
P repara t ion  of, or purificatim~ to, single-species com- 
pounds is diffieult aml laborious and rarely has been 
at tempted.  

Kushner  and I l ubba rd  reported (12) that,  in con- 
t ras t  to ionic types, there is no well defined cmc for 
nonionics (specifically Triton X-100) by  turbidimet-  
rie measurements.  [Isaio (t al. (5) however found 
that  the snrface-tension method, i.e., extrapolation of 
plots of surfaee tension vs. log concentration, could 
be applied to nonionies. Our  work also showed the 
applicabi l i ty  of the surface- tension method. How- 
ever, for many  nonionics, par t icu lar ly  higher EO 
adduets, the change in surfac, e tension with respeet 
to concentration is so gradual  and erratic bclow the 
eme that  reliable extrapolat ion was diffieult. These 
difficulties were eliminated by  use of the dye solu- 
bilization method, which has provided reliab]e eme 
values for the various EO condensate nonionies at  
25~ and elevated temperatures .  

Nonionie surfae tants  offer an extra  dimension over 
anionies since for a given hydrophobe nlultiples of 
water-solubilizing groups can be added. This extra-  
dimensional character  offers considerable choice of 
sur fac tau t  fea ture  and obviously affects eme. Table 
l[  denionstrates the effect on (',me o,f hydrophobe and 
degree of EO addition. Fo r  the several hydrophobes 
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over the 5 to 30 EO adduct  types, a considerable 
change in cmc occurs: 

I-Iydrophobe 

D c c a n o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
T r i d e c a n o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
N o n y l p h e n  ol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
D o d e c y l p h e n o l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

emc ( M X I O  a) a t  25~ 

~[oles E O  

5 10 

1 .67  5 .72  
0 . 1 3 6  0 . 5 1 8  
0 . 0 5 6 7  0 .155  
0 . 0 1 5 5  0 . 0 2 3 6  

Effect of Hydrophobe Base. Comparison at 25~ 
for exanlple, of l0 E() a(hlucts of de(~allol, trideeanol, 
nonylphenol, and (h)de(,ylpbenol shows an increase 
in dye sohlbilizatio, all(I a decrease ill cmc values 
with an ira, reuse in mm~t)cr of carbon atoms in the 
hydrol)hob(,. The cmv ratios are 160, 10, 4, and 1, 
resl)cclively. Nonyll)hcnol had a lower cmc in relation 
to tridecanol than expe(,tcd. This anonlaly could re- 
sult if the n(myl group were less branched than the 
tridccyl ah,,ohol or if an abnormally low distribution 
of E() ad(hlcts were obtained in synthesis of the nony]- 
phenol-EO compounds. 

Calculation of the change in cme per unit increase 
in carbon content of the hydrophobc was calculated 1 
for the aleobol-EO adducts treated separately from 
the alkylphenol adducts. In  these calculations the 
values for the three temperatures and the five EO 
ratios were calculated separately, tllen averaged. For  
the decanol-tridecanol and nonylphenol-dodecylphenol 
adduets these values were 0.'~07 a . d  0.278, respec- 
tively, for an over-all average of 0.29',L By this con- 
vcllt io,  effect of ,~fit (,,hange i~ alkyl carbon chain- 
length can then be compared with that of E() effect. 
It can also be used to predict change in cmc upon 
change in carbon content of the hydrophobe base. 

Effect of EO Chain-Length. Inspection of Table I I  
shows that  emc incre, ases (and solubilizing activity 
decreases) as the EO chain-length is increased for a 
given hydrophobe base, Plots of cme percentage con- 
centration against EO chain-length yield fair ly smooth 
curves, showing that sensitivity to added EO increases 
with increasing EO content of the sample. Plott ing 
eme molar concentration against EO chain-length also 
gives the same trend but with greater irregularity,  
which is probably caused by variations in the distri- 
bution of EO chain-lengths within each sample. 

Comparison of curves at 25 and 75~ suggests that  
sensitivity to varying EO chain-length diminishes 
with increased temperature and with increasing car- 
bon content of the bydrophobe base. No general 
mathematical relationship is evident from these data. 

Greatest sensitivity to vary ing  EO content occurs 
at different ranges of EO content, depending on the 
hydrophobe base and temperature.  The general pic- 
ture between 25 and 75 ~ indicates that as the hydro- 
phobe base size increases, the greatest sensitivity 
(percentage change) occurs at lower EO contents. 

Comparison of results (Table I I I )  shows that  these 
compounds are about 10 times more sensitive to a 
change in carbon chain-length than to a change in 
EO content. 

i Sens i t i v i t y  is expressed  for  non ion ic s  as 
A c m c / e m c  

AC, A E O ,  A T  
whe re  A C  ~ 3 carbon  a toms  

A E O  ---~ 25 mole E O  u n i t s  
A T  --~ 50~ 

r e f e r r e d  to in  Table  I I I .  

I.C 

0.~ 

0.I 

0.05 

0.01 

O.O05 

0.001 

0.0005 

0.0001 

i L "  - 

v 

/ 

I I EO Chaln[Length I I 

5 io 15 2o 25 

~FIG. 3. L o g  % c m c  vs .  E O  c o n t e n t .  

25+0.  75~ 
(~) �9 - -  D e c a n o l  -l- E O  
[ ]  �9 -- T r i d e c a n o l  q- E O 
A A -- Nonylphenol  .4- E O  
~7 �9 - -  Dodecylphenol  q- E O  

, I i 
3o 35 

Hsaio et al. (5) claimed that eme varied with EO 
chain-length according to the expression, 

In cmC(molcs/1.) = 0.56R + 3.87, 

where R = EO mole ratio for an alkylphenol. Ac- 
cordingly a plot of log emc against EO chain-length 
should yield a straight line. Such plots for our data 
were usually not linear and therefore do not support  
the above relation. 

Treatment of the data by the Klevens (9) equation, 
log cmc = A -- BL, is not possible since added EO in- 
creases the over-all chain length of the molecule, yet 
reduces cmc. The data suggest that  addition of EO 
to a given hydrophobe at first increases the lipophile 
length while providing insufficient sites for hydrogen 
bonding actually to solubilize the molecule. This re- 
sult may occur between 0 and 5 moles of EO. Fur -  

T A B L E  I I I  

Compa r i son  of V a r i a b l e s  
( T e m p e r a t u r e ,  E O  chain- length ,  a n d  hyd r op r obe  carbon  a toms)  

I n t e r v a l  S u m m a r y  R a t i o  
Sens i t i v i ty  m e a s u r e d  v a l u e / u n i t  

( A c m e / c m c )  
ZkT 

( A c m c / c m c )  
L E O  

( A e m c / c m c )  
A C  

2 5 - 7 5 ~  

3 0 - 5  E O  

3 Carbons  

0.007 

0.02 

0.29 

1 

3 

40 
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ther addition of EO acts to decrease the net lipophile 
length even though each EO added supplies two car- 
bon atoms and only one hydrophilic oxygen atom. 
Also it appears that  the more EO incorporated into 
the molecule, the greater the increase in cme on add- 
ing more EO. Therefore it is inferred that the cloud 
of hydrogen-bonded water molecules increases for 
each EO ether oxygen as its distance from the hydro- 
phobe base becomes greater. The number of bound 
water molecules increases the polar nature of the 
added EO to such an extent that  its net effect is to 
nullify the EO carbon atoms and make the surf- 
actant more hydrophilic. Our data, because of the 
mixtures of EO adduets involved, does not permit 
a clarification of this question. 

Behavior of nonionies with respect to temperature 
is vir tually the exact opposite of the result obtained 
for anionies. The various EO condensate values de- 
crease with increasing temperature. Sensitivity to 
temperature change diminishes as the temperature is 
raised; the greatest change in cmc occurs between 25 
and 50~ in most cases. Sensitivity to temperature 
increases with EO content. The greatest temperature 
sensitivity occurred for dodecylphenoLEO adduets in 
the 25-50~ range and the least sensitivity for the 
same compounds between 50 and 75~ The nonyl- 
phenol-EO adduets were the least sensitive to tem- 
perature change, considering the entire 25 to 75~ 
range, and exhibited slight, anomalous rises in eme 
between 50 and 75~ in the cases of the 15 and 20 
EO adduets. 

The resillts for nonionics arc expected since they 
are known to have inverse s()lubility, that  is, become 
less soluble in water as the temperature is raised 
(see cloud points, Table l l ) .  The solubility of EO 
condensate nonionics is attributed to hydrogen bond- 
ing betwe<,n the ether oxygens of the ethylene oxide 
chain and water molecules. When the temperature is 
raised, these b(mds are presumably broken and the 
hydrophil ici ty of the ethylene oxide chain is reduced. 
Consequently the relative effect of the hydrocarbon 
chain becomes more dominant, increasing aggregation 
and lowering emc. 

Effect o]' Temperature Compared to Hydrophobe 
Base a~td EO Chain-Length. Table I l l  shows that, of 
these variables, temperature variation has the least 
influence on emc, i.e., a unit change in temperature 
produces about one-third less the change in emc than 
does a unit  change in EO chain-length, and only 
one-fortieth of the shift in emc caused by a change 
of one carbon atom in the hydrophobe. 

Summary 
Measurements of cmc changes with temperature 

increase (at 25, 50, 75~ were made by the dye 
solubilization technique for a series of sodium al- 
kylbenzene sulfonates and several series of nonionic 
surfactants.  

The anionic surfactant  series shows an increase 
in emc with increasing temperature. This finding is 

in agreement with those obtained by other investi- 
gators who however used different anionic surfaet- 
ants. The greatest change in cme in terms of total 
concentration occurred with alkylbenzene sulfonates 
of h)west alkyl chain-length, but the greatest change 
in eme occurred with those having the longest alkyl 
chains. Conclusions of other investigators that  cme 
is temperature-independent may be explained either 
as a result of investigation of compounds of too low 
effective carbon chain-length or as the choice of an 
insufficiently large temperature spread. Dye solu- 
bilizing power of surfaetant  solutions above the cmc 
is increased with increasing temperature. 

The emc values for ethylene oxide addnets (5 to 
30 molar additions) for deeanol, trideeanol, nonyl- 
and dodecylphenol provided the following conclusions. 

An increase in carbon chain length for the hydrophohe de- 
creases cme for any given temperature. 

Increase in ethylene oxide content for a given hydrophohe 
results in eme increase. No general mathematical relationship 
for these products was discernible. 

Sensitivity to varying ethylene oxide chain-length diminishes 
with an increase in temperature. A specific effect of hydrophobe 
chain length on temperature sensitivity was apparent. As 
hydrophobe size increases, the greatest sensitivity appears to 
occur at lower ethylene oxide content. 

Cme is approxim~tely ]0 times more sensitive to unit change 
in carbon content of the hydrophobe than to unit change in 
ethylene oxide chain-length. 

Over the ranges tested a r~tio of 1:3:40 describes the reln- 
tive magnitude of clmngcs in cmc for the comparative unit 
changes in temperature, cthyh.m~ oxide elmin-length, and ear- 
hon chain-length in the hydrophohe ham,. 

The effect of te ln l )er3tHr(~ Oil the  t in( '  o f  nonionies 
is virtually the oxa/d opposito ~)f the effe('t with the 
anionic surfa/dants l('st~'d: ('m(' dt,l, reast's with in- 
creasing lemlwratill'e. Sellsilivity of the Chic of non- 
ionic snrfaetallts to iellipm'aiur(~ change diniinishes 
with temperature increase. 
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