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Relationship of Structure to Properties of Surfactants. 15 Isomeric 
Sulfated Polyoxyethylenated Guerbet Alcohols 1 
D.S. Murphy, Z.H. Zhu, X.Y. Yuan, and M.J. Rosen* 
Surfactant Research Institute, Brooklyn College, City University of New York, Brooklyn, New York 11210 

The properties  at 25~ in aqueous  0.1M NaCI at the 
aqueous  so lu t ion /a i r ,  aqueous  s o l u t i o n / h e x a d e c a n e ,  
and aqueous  so lu t ion /hydrophob ic  solid in te r faces  of  
two isomeric  Guerbe t  alcohol-derived sur fac tan t s  
CsH17CH(CeHI3)CH2(OC2H4)sSO4Na, one in which the 
octyl and hexyl  groups  are both  l inear  (L isomer) ,  the 
other  in which they  are both  highly b ranched  (B iso- 
mer) ,  have been  invest igated and compared in some 
cases  with commercia l  sodium l inear dodecylbenzene-  
sulfonate  (LAS). The cmc value increases ,  the  pC20 
value decreases ,  and the  AG~ value becomes  less neg- 
ative in the  order: L i somer  - B i somer  - LAS. The min- 
imum a r e a / m o l e c u l e  at the  aqueous  so lu t i on / a i r  in- 
te r face  increases  in the order:  LAS ~ L i somer  ~ B 
isomer.  

The L i somer  is sl ightly more  hydrophobic  than the B 
isomer,  and both  are considerably  more surface-active 
than  LAS. The g rea te r  s teric inhibi t ion to micelliza- 
t ion in the  B i somer  resu l t s  in the  lowest  min imum 
surface  tension.  Both i somers  have s imilar  min imum 
interfaciai  tens ion  va lues  against  hexadecane .  Unusu- 
ally small  min imum a r e a / m o l e c u l e  values for the two 
i somers  at the  aqueous  so lu t ion /hydrophob ic  solid in- 
te r face  mayindicate  mult i layer  adsorp t ion  there.  Both 
i somers  are more e f f ic ient  at reducing the contact  an- 
gle than  LAS. Mixtures  o f  the  B i somer  with the  corres- 
ponding unsulfated Guerbet  alcohol  show only weak 
interaction be tween  the  two. No synergism in surface 
(or interfaciul)  tens ion reduct ion e f f i c iency  or micelle 
formation ex i s t s  at e i ther the aqueous  so lu t ion / a i r  or 
aqueous  solut ion in ter face  bu t  the mixture  does show 
synergism in surface  (or  interracial )  t ens ion  reduc- 
t ion effect iveness ,  yielding a surface  tens ion  value of  
28.2 dynes / cm,  and an interfacial  tens ion  value of  0.1 
d y n e / c m  agains t  hexadecane .  Draves  wet t ing  t imes  
increase  in the  order: B isomer  ~ LAS ~ L isomer,  and 
Ross-Miles initial foam heights  decrease  in the  order 
B isomer  ~ LAS ~ L isomer.  

Surfactants based on Guerbet alcohols, R CH(RI)CH2OH, 
where R~ has two carbon atoms less than R, are of both 
scientific and practical interest. Scientifically, they repre- 
sent a class of surfactants where the hydrophobic group 
is branched at a fixed position, thus permitting the effect 
of this branching on physicochemical properties to be 
determined unambiguously. Practically, the Guerbet al- 
cohols can readily be obtained from both natural  and 
synthetic alcohols (1). Because of this interest, an investi- 
gation into the surface and interfacial properties of these 
surfactants at various interfaces was undertaken. 

*To whom correspondence should be addressed. 
1Presented in part at the American Oil Chemists' Society meeting in 
Cincinnati, May, 1989. 

The results reported here are for the sodium salts of 
two isomeric sulfated polyoxyethylenated C16 Guerbet 
alcohols, one in which R and R 1 are both linear, the other 
in which they are both highly branched. In addition, some 
of their surface and interfacial properties are compared 
with those of a commercial sodium linear dodecylben- 
zenesulfonate(LAS). 

EXPERIMENTAL 

Materials. CsHITCH(C6H13)CH2(OC2H4)5SO4Na with line- 
ar octyl and hexyl groups (C16LGEOsS) and a homogene- 
ous polyoxyethylene chain was obtained from Exxon Re- 
search and Engineering Corp., Annandale, NJ. Two-phase 
titration with Hyamine 1622, using mixed indicator (2) 
showed a purity of 95.0%. Elemental analysis: found 
C=55.30, H=9.83, S=5.24, Na=4.38; calculated C =55.29, 
H=9.46, S=5.68, Na=4.07. The isomeric compound with 
highly branched octyl and hexyl groups (CL6BGE05 S) and 
a homogeneous polyoxyethylene chain was also obtained 
from Exxon Research and Engineering Corp. Two phase 
titration showed a purity of 91.3%. Elemental analysis: 
found C=54.98, H=9.84, S=5.75, Na=4.39; calculated 
C=55.29, H=9.46, S=5.68, Na=4.07. The commercial sodi- 
um linear dodecylbenzenesulfonate (LAS) was C-550 LAS 
(Vista Chemical Co., Ponca City, OK). 

Before being used for surface tension, interfacial ten- 
sion, or contact  angle measurements,  aqueous solutions 
of the surfactants  (in water that  had been first deionized 
and then distilled twice, the last time from alkaline per- 
manganate  solution through a three ft-high Vigreaux col- 
umn with quartz condenser and receiver) were further 
purified by repeated passage (3) through minicolumns of 
octadecylsilanized silica gel to remove any traces of im- 
purities more surface-active than the parent  compound. 
The concentration ofsurfactant  in the effluent from these 
columns was determined by two-phase mixed indicator 
titration with Hyamine 1622. 

Sodium chloride used to increase the ionic strength of 
solutions was analytical grade material, which was then 
baked for several hours in a porcelain casserole at red 
heat to remove traces of organic compounds. 

Surface tension measurements.  Measurements were 
made by the Wilhelmy plate technique, with a sandblast- 
ed platinum plate of a ca. 5-cm perimeter. Instruments  
were calibrated against quartz-condensed water (specific 
conductivity 1.1 • 10 -6 ~4cm-~ at 25~ each day that  
measurements were made. Sets of measurements were 
taken at 15-rain intervals until no significant change 
occurred. 

Interfacial  tension measurements .  Measurements 
were made by the spinning drop technique using a model 
500 spinning drop interfacial tensiometer (University of 
Texas). Readings were taken a 0.5-hr intervals until three 

JAOCS, Vol. 67, no. 4 (April "1990) 



5 5  

D.S. MURPHY ETAL. 

consecu t ive  r ead ings  co inc ided .  All r ead ings  were  done  a t  
25.0~ The d e n s i t y  of  w a t e r  was  t a k e n  as  1.000 g / c m  3 a n d  
t h a t  of  n - h e x a d e c a n e  as  0.773 g / c m  3. 

Contact  angle  m e a s u r e m e n t s .  A d v a n c i n g  c o n t a c t  an-  
gles were  m e a s u r e d  wi th  a c o n t a c t  angle  g o n i o m e t e r  
(Model  100-00, Rame-Har t ,  Inc.). F o u r  d rops ,  each  a b o u t  
12 ~L, were  a p p l i e d  to t he  sol id  surface ,  which  was  then  
p l a c e d  in a t h e r m o s t a t e d  e n v i r o n m e n t a l  c h a m b e r  (Model  
100-07, Rame-Har t ,  Inc.)  s a t u r a t e d  wi th  so lu t ion  v a p o r  to  
r e t a r d  d r o p l e t  e v a p o r a t i o n .  Angles  we re  m e a s u r e d  on 
bo th  s ides  of  e ach  of  t he  four  d rops .  All  m e a s u r e m e n t s  
we re  m a d e  a t  l eas t  30 rain, a n d  s o m e t i m e s  1 h r  a f te r  
a p p l i c a t i o n  of  t he  drops .  The t e m p e r a t u r e  was  25_+0.2~ 
The  a d v a n c i n g  c o n t a c t  ang le  r e p r o d u c i b i l i t y  was  wi th in  
0.5-1.5 ~ d e p e n d i n g  u p o n  the  s u b s t r a t e  a n d  the  
su r f ac t an t .  

P a r t i t i o n  coef f ic ient  (CH/Cw) o f  CwBGE05S. Fif ty  ml of  
2.70 X 10-4M C16EO5S in a q u e o u s  0.1M NaC1 were  over-  
l ayed  wi th  25ml of  h e x a d e c a n e  a n d  a l lowed  to p a r t i t i o n  
to  equi l ibr ium.  The  c o n c e n t r a t i o n  of  C~EO5S in t he  aque-  
ous  p h a s e  was  t hen  d e t e r m i n e d  by two  p h a s e  t i t r a t i on  
wi th  Hyamine,  us ing m i x e d  ind ica to r .  The p a r t i t i o n  coef- 
f ic ient  was  0.0377. 

RESULTS AND DISCUSSION 

I n d i v i d u a l  sur fac tan t s .  Figure  I shows  su r f ace  t ens ion  
(TLV) VS log m o l a r  c o n c e n t r a t i o n  (C) p lo t s  for  C16BGEO5S, 
C16LGEO5S, a n d  LAS in 0.1M NaC1 a q u e o u s  so lu t ion  a t  
25.0~ F igure  2 shows  in t e r f ac i a l  t ens ion  (TLL) VS log Cw 
curves  in 0.1M NaC1 aqueous  s o l u t i o n / h e x a d e c a n e  sys- 
t ems  ("/LL iS t he  aqueous  s o l u t i o n / h e x a d e c a n e  in t e r f ac i a l  
t ens ion  a n d  Cw is t h e  m o l a r  c o n c e n t r a t i o n  o f  t he  su r fac -  
t a n t  in t he  a q u e o u s  p h a s e  a f te r  pa r t i t i on ) .  F igures  3 a n d  
4 s h o w  a d h e s i o n  t ens ion  TLV Cos O (0 = c o n t a c t  angle )  vs 
in i t ia l  log C curves  on Paraf f lm a n d  Teflon, respect ively .  

Some in t e r f ac i a l  p r o p e r t i e s  of  t he  c o m p o u n d s  a r e  list- 
ed  in Table 1. Cr i t ica l  micel le  c o n c e n t r a t i o n s  (CMC) were  
t a k e n  as  t he  c o n c e n t r a t i o n s  a t  t he  p o i n t  of  i n t e r sec t i on  of  

TABLE 1 

Interfacial Properties of  Cz6BGEOsS, CIeLGEO5S and LAS in 
Aqueous O.IM NaCI at 25~ 

Property CI~BGEOsS CI6LGEOsS LAS 

O. IM NaCl (aq)/air 
CMC (M • 105) 3.32 1.16 16 
Fma• ~ • 10 l~ 2.8 o 3.07 3.61 
Atom(rim 2 X 100) 59.~ 54. l 46.0 
pC20 (pC:~o) 5.8s,(5.26) 6.19,(5.63) 4.86 
CMC/C20 (CMC/C30) 25.1,(6.0 ) 18.0,(4.9 ) 11.6 
3'Lm(,(mN/m) 29.5 30.2 30.4 
IIr162 42. s 42.t 41.9 
-AG~ 68. 3 69. 2 50.2 
O. 1M NaCl (aq)/Hexadecane 
CMC (M • 105 3.80 1.05 
Fmax(mol/KM 2 X 101~ 3.20 3.2:3 
A~,(,~2 ) 50.5 51.4 
pC:3() 5.50 6.05 
CMC/C:~o 11.9 11. 9 
"yr (mN/m) 2.0 2.5 
IIcmr 50.4 49. 0 
-AGoad(KJ/mol) 67. 9 71.2 
O. 1M NaC1 (aq)/Parafilm 
Fmax(mol/CM 2 X 1010) 3.5 5.7 4.56 
Ami~(A 2) 47. 29. 36. 4 
pC20 5.34 5.02 4.6~ 
IImax(mN/m) 46.2 45.s 44.4 
O. 1M NaCl (aq)/Teflon 
Fm~(mol/CM 2 X 1010) 3.5 5.1 4.2~ 
Amj,(A ~) 48. 32. 38. 4 
PC20 5. l 3 4.99 4.4~ 
IIma~(mN/m) 39.1 40.~ 39. l 

t he  two l inea r  p o r t i o n s  o f  the  "/LV VS log C (o r  ~LL VS log Cw) 
plots .  

M a x i m u m  su r f ace  (o r  in te r fac ia l )  excess  c o n c e n t r a -  
t ion,  Fmax, in mol  cm -2, a n d  m i n i m u m  a r e a s  p e r  s u r f a c t a n t  
molecule ,  A rain. in n m  z, a t  the  a que ous  s o l u t i o n / a i r  (or  

0 LAS 
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FIG. 1. Surface tension vs log molar concentration of  | LAS: f~, CI6BGEOsS; and ~, 
CleLGEOsS at 25~ in aqueous  0.1M NaCI. 
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vs  log molar concentrat ion in the  aqueous  phase  of  -5]-, 
C1~BGEOsS and |  CI6LGEOsS at 25~ 
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FIG. 3. Adhes ion  t ens ion  on Parafi lm vs  log initial  molar concen- 
tration of  X, LAS; ~ ,  CleBGEOsS; and | CI6LGEOsS at 25~ in 
aqueous  0.1M NaCL 
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FIG. 4. Adhesion tension on Teflon vs  log initial mola~ concen- 
tration of X, LAS; A, C16BGEOsS; and (9, CleLGEOsS at 25~ 
in aqueous 0.1M NaCI. 

a que ous  s o l u t i o n / h e x a d e c a n e )  in t e r f ace  we re  o b t a i n e d  
f rom the  m a x i m u m  s lopes  (Smax) of  t he  7LvVS log C (OrTLL 
VS log Cw) p lo t s  a t  25~ by  use of  t he  Gibbs a d s o r p t i o n  
equa t ion  

- d 7  = 2.303 RT d log C, [1] 

f rom which  

Fr, ax = Smax/2.303 RT [2] 

Amin = 1014/NF . . . .  [3] 

w h e r e  R = 8.314 J mol - lK -1 a n d  N is Avogadro ' s  number .  
Values  of  Fma x a t  the  a que ous  s o l u t i o n / s o l i d  in te r faces  

were  o b t a i n e d  f rom the  m a x i m u m  s lopes  of  YLV Cos 0 vs 
log C curves.  F r o m  Young's equa t ion  

~/LV Cos 0 = 7sv- VSL [4] 

w h e r e  7sv a n d  ~/sc a r e  the  t ens ions  a t  t he  s o l i d / v a p o r  a n d  
so l id / l i qu id  in ter faces ,  respect ively .  Since bo th  Teflon 
a n d  Para f i lm a re  low-energy  solids,  it  can  be a s s u m e d  
t h a t  7sv is c o n s t a n t  w i th  change  in t he  c o n c e n t r a t i o n  of  
t h e  s u r f a c t a n t  in t he  a q u e o u s  phase .  Therefore ,  f rom 
equa t i ons  [1] a n d  [4] 

-dTsL = d(~/LvCos0) = 2.303 RT P d log C [5] 

F r o m  equa t ion  [5] 

Pmax = 1 d3'LvCOS 0 [6] 

2.303 RT d log C 

Ami . v a l u e s  a r e  t h e n  o b t a i n e d  b y  e q u a t i o n  [3 ]. 
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The pCe0 value,  the  negat ive  log of the  m o l a r  concen-  
t r a t i on  of s u r f a c t a n t  requi red  to p r o d u c e  a 20 m N / m  
reduc t ion  in su r face  or in ter fac ia l  tens ion  or a 20 m N /  
m sur face  p r e s su re  II(= 70 - 7, whe re  ~/0 is the  sur face  
or interracial  t ens ion  in the  absence  of the  su r f ac t an t ) ,  
is a m e a s u r e  of  t he  su r face  or  interracial  tens ion re- 
duc t ion  efficiency of the  su r fac t an t .  F rom equa t ion  
[3], the  sol id/ l iquid in ter fac ia l  tens ion in the  absence  
of  the  su r fac tan t ,  70SL, is given by the  express ion  

~/0SL ---- ")/Osv - ~/0LV COS 0 0 [7] 

w h e r e  ~/0 SL, y0LV, and  0 o are  the  values  in the  absence  of 
the  su r fac tan t .  F r o m  equa t ions  [4] and  [7] 

-y0SL - 5zSL = HOsL = -y0SV- 3Zsv 
- ~/0LV COS 0 0 + YLV COS 0 [8]  

Since the  so l i d /vapo r  in ter fac ia l  tens ion  for  Teflon and  
Paraf i lm sur faces  can  be a s s u m e d  to be cons tan t ,  the  
PC20 value can  be t aken  f rom the  ~/LV Cos 0 vs log C plot  
a t  the  po in t  w h e r e  "YLV C o s  0 = ")/0LV C o s  0 0 + 20. Since 
su r face  tens ion  and  c o n t a c t  angle m e a s u r e m e n t s  of  
the  0.1M aqueous  solut ion used  at  25~ yield 5,0LV Cos 
0 ~ values  of  -24.4 a n d  -23.1 m N / m  for  Paraf i lm and  
Teflon, respectively,  the  co r r e s pond i ng  ~/LV Cos0 values  
for obta ining PC20 are  -4.4 and  - 3 . 1 m N / m .  

The  CMC/C20 ra t io  is a conven ien t  way  of  m e a s u r i n g  
the  relat ive effects  of  some  s t r u c t u r a l  or  mic roenv i ron-  
m e n t a l  f ac to r  on micell ization and  adsorp t ion .  An in- 
c rease  in the  CMC/C20 ra t io  as a resul t  of  the  in t roduc-  
t ion of some  fac to r  indica tes  t h a t  micell ization is 
inhibi ted m o r e  t h a n  adsorp t ion ,  or  t h a t  a d s o r p t i o n  is 
faci l i ta ted m o r e  t h a n  micellization; a dec rease  in the  
CMC/C20 ra t io  indicates  t h a t  ad so rp t i on  is inhibi ted 
m o r e  t h a n  micellization, or  t h a t  micell ization is facili- 
t a t e d  m o r e  t h a n  adsorp t ion .  

The su r face  or in ter fac ia l  tens ion  of the  s u r f a c t a n t  
sys t em at  the  CMC is "Ycmc. l-Icmc (= ,y0 _ "Ycmc) is the  
su r face  or in ter fac ia l  p r e s s u re  a t  the  CMC. F r o m  equa-  
t ion [8], Hmax [ = - y0LV Cos 0 o + (YLV Cos0)max] values  a t  
the  sol id/ l iquid in te r face  were  ca lcu la ted  f rom the  
express ion  

IIma x = 24.4 + (~LV Cos 0 ) ~ x  

for  Paraf i lm and  

[9] 

l ima x = 23.1 + (TLV Cos 0)max [9a] 

for  Teflon 

S t a n d a r d  free energies  of  adso rp t ion  were  calculat-  
ed f rom the  re la t ionsh ip  (4) 

AG0ads = RT[ln(Cs-/to) + In f + ln(C~/w) + In f+] 

- 6 . 0 2 3  • 10 -1 1] �9 Ami n [10] 

for  these  s u r f a c t a n t s  in s w a m p i n g  a m o u n t  of  
c o m m o n - i o n  conta in ing  electrolyte.  Here, the  s tan-  
d a r d  s t a te  for  the  su r face  (or  in terfacia l )  p h a s e  is a 
hypo the t i ca l  m o n o l a y e r  of  the  s u r f a c t a n t  a t  its c losest  
pack ing  (A = Amin) , bu t  a t  a su r face  p r e s s u re  of  zero. R 
= 0.00834 KJ /mol ,  T is in ~ Cs- is the  m o l a r  concen t r a -  
t ion of  su r fac tan t ,  f_ is its act ivi ty coefficient,  C; is the  
mo la r  concen t r a t i on  of  the  counter - ion ,  f§ is its act ivi ty 

coefficient,  to is the  m o l a r  concen t r a t i on  of w a t e r  (55.3 
at  25~ Ami ~ is in n m  2, II in m N / m  is a t  any  value 
whe re  A = Atom, and  AG0ads is in KJ /mol .  The act ivi ty 
coefficients  f and  f§ can  be a p p r o x i m a t e d  using the  
e x t e n d e d  Debye-Hukhel  equa t ion  (5): 

l o g f : - B ( I ) l / 2 / [ 1  + 0 . 3 3 ( ~ ( I )  L'z] [11] 

whe re  I is the  to ta l  ionic s t r eng th  of the  solution, B is 
0.509 a t  25.0~ and  (r is t aken  as 0.3 for the  Na § ions 
and  0.6 for  the  s u r f a c t a n t  ion. 

Properties for  the aqueous solution/air systems. The 
p rope r t i e s  of  the  th ree  inves t igated ma te r i a l s  a t  the  
aqueous  so lu t ion / a i r  in te r face  all indica te  t h a t  the  
c a r b o n  equiva lency  of  the  hyd rophob ic  g roup  ( a n d  
hence  the  hydrophob ic  c h a r a c t e r )  of  C16LGEO5S ( the  
"L isomer")  is g r ea t e r  t h a n  t h a t  of  C16BGEOsS ( the  "B 
isomer")  and  t h a t  bo th  have  a m u c h  g rea t e r  ca rbon  
equiva lency  t h a n  LAS. This is cons i s ten t  wi th  prev ious  
d a t a  showing t h a t  the  inser t ion of oxye thy lene  g roups  
be tween  the  hydrophob ic  g roup  and  an  ionic hydro-  
philic g roup  resul ts  in inc reased  hydrophob ic  cha rac -  
t e r  in the  molecule  (6) a n d  t h a t  b r a n c h e d  hydrophob ic  
g roups  have  lower c a rbon  equivalencies  t h a n  isomeric  
s t ra igh t  chain  g roups  (7). Thus,  the  cmc  value in- 
creases ,  the  pC20 value  decreases ,  and  the  AG0ad value 
becomes  less negat ive  in the  order:  L i somer  - B i somer  
- L A S .  

As the  degree  of  b r anch ing  in the  hydrophob ic  tail 
increases ,  micell ization is inhibi ted relat ive to adsorp -  
tion, due  to the  m o r e  rigid pack ing  r e q u i r e m e n t  in the  
case  of  the  micelle t h a n  a t  the  p l a n a r  interface,  where  
the re  is m o r e  c o n f o r m a t i o n a l  f reedom.  Thus  the  c m c /  
C20 (or  cmc/C30 ) ra t io  increases  in the  order:  LAS < L 
i somer  < B isomer.  The g rea t e r  s ter ic  inhibit ion of mi- 
cellization by the  highly b r a n c h e d  B i somer  also ac- 
coun t s  for  its slightly lower ~/cmc(higher 1-Icmc) va lue  
t h a n  for the  L i somer  or  for LAS. 

The m a x i m u m  sur face  excess  concen t ra t ion ,  Fmax, 
and  the  co r r e spond ing  m i n i m u m  a r e a  pe r  molecule,  
Amin a t  the  a q u e o u s / a i r  in te r face  reflect  bo th  the  
g rea t e r  b r anch ing  of the  B i somer  relat ive to the  L 
i somer  and  the  larger  cross-sec t ional  a r e a  of  a mole- 
cule conta in ing  a po lyoxye thy lene  group.  Thus  Ami n 
increases  in the  order:  LAS < <  L i somer  < B isomer.  

The free energies  of  adso rp t i on  of the  B and  L iso- 
mer s  a re  a lmos t  equal. The larger  n u m b e r  of  -CH3 
groups  in the  hydrophob ic  g roup  of the  B isomer,  with 
the i r  la rger  con t r ibu t ion  (8,9) t h a n  the  -CH2 g roup  to 
the  -AG0ad value, a p p a r e n t l y  c o m p e n s a t e s  for  the  
larger  c a rbon  equivalency of  the  L isomer.  

Properties for  the aqueous solutionjhexadecane sys- 
tems. When air  is r ep laced  by h e x a d e c a n e  for  surfac-  
t an t s  t h a t  do not  pa r t i t ion  significantly into the  hex-  
adecane ,  t he re  is only a small  change  in the  in terfacia l  
p roper t ies ,  in a g r e e m e n t  wi th  the  findings of  Rehfeld 
(10) and  M u r p h y  and  Rosen (11). For  these  ionic sur-  
f a c t an t s  in a s w a m p i n g  a m o u n t  of  NaC1 in the  aqueous  
phase ,  h e a d  g roup  repuls ions  a re  r educed  and  the  
p re sence  of  h e x a d e c a n e  resul ts  in compres s ion  of the  
in terfacia l  film, as m e a s u r e d  by Amin, relat ive to t h a t  a t  
the  L /A  interface.  This is p robab ly  the  resul t  of  the  
in te rac t ion  of the  hydrophob ic  tails wi th  h e x a d e c a n e  
molecules.  Both i somers  r educe  the  interfacial  tens ion  
to relat ively low values  as m e a s u r e d  by 7rain. The 
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FIG. 5. Surface t ens ion  vs log molar concentrat ion of  | CI~BGEO5S; X, C~BGEOsOH; 
and their  mixture,  -G-, at ~r at 25~ in aqueous  0.1M NaCI. 

increase in the value of IIcm c relative to the L/A case is due 
to the larger pC20 and CMC/c30 values, as found previous- 
ly (11). 

Properties for the aqueous solution/low-energy solid 
systems. When air is replaced by Teflon or Parafilm, the 
interracial properties of these surfactants are considera- 
bly affected. The area per molecule values are greatly re- 
duced compared to the corresponding L/A values, and 
may indicate multilayer adsorption at the aqueous solu- 
tion/solid interfaces. This effect is more pronounced for 
the L isomer on both of the solids investigated. AG0ad 
values are based on monolayer adsorption and therefore 
have not been included. 

Both the B and L isomers are much more efficient at 
reducing contact  angle on both solids than LAS. In order 
to reach a contact  angle of 460 on Parafilm, 1 X 10-3M LAS 
is needed, but only 4.7 X 10-5M B and 3.1 X 10-5M L isomer. 
In order to reach a contact  angle of 56 ~ on Teflon, 9 X 10- 4 
M LAS is needed, but only 6 X 10-~M B isomer and 5 X 10- 5 
M L isomer. 

Binary surfactant mixtures. Figure 5 shows the sur- 
face tension vs log molar concentration plots for 
C16BGEO5 S, C16BGEOsOH, and their mixture in 0.1M NaC1 
aqueous solution at 25~ Figure 6 shows interfacial ten- 
sion vs log total concentration plots for C~BEO.~S, 
C16BEO~OH, a mixture of them, and C~6LEOsS, 
C~6LEOsOH, and a mixture of them. 

Table 2 lists interaction and synergism parameters  for 
the mixtures investigated. Following previous publica- 
tions (12,13), values of rio, the interaction parameter  for 
the two surfactants at the aqueous/air  interface, were 
calculated by use of equations [12] and [13]. 

Xl 2 In (~lCl2/X C1 ~ : i [12] 

(1-Xl) ~ In [(l-X1) C12/(1-X1)C.~ ~ 

Equation [12] is first solved iteratively for X1, where X1 is 
the mole fraction ofsurfac tant  1 in the total surfactant  at 
the aqueous solution/air interface; a is the mole fraction 
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FIG. 6. Tens ion at the  aqueous  0.1M N a C l / h e x a d e c a n e  interface  
vs log total  molar concentrat ion in the sys tem at 25~ for | 
CleLGEO5S; &, C16BGEOsS; 4~-, CI6LGEO5S/CI~LGEOsOH mix- 
ture, asu|fate=0.013s; -&-, CI~BGEOsS/CleBGEOsOH mixture,  
~suffate=0.0129; ~,  C16BGEOsOH; and [~, CI6LGEOsOH. 

of surfactant  1 in the total surfactant  in the aqueous so- 
lution; and C~~ ~ and CI2 are the solution phase molar 
concentrat ion of surfactants  1 and 2 and their mixture, 
respectively, required to produce a given surface tension 
value. Then Xl is substituted into equation [13] 

In (aICI2/XIC1 ~ 
/~o = [ 1 3 ]  

(l-X,) 2 
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TABLE 2 

M o l e c u l a r  I n t e r a c t i o n  and S y n e r g i s m  P a r a m e t e r s  for  B i n a r y  
S u r f a c t a ~ t  M i x t u r e s  at  25~ 

Parameter CI~BGEO~S + CI~LGEO~S + 
C~0BGEQOH C~aLGEQOH 

O. 1M NaC1 (aq.)/air 
mole fraction of anionic 0.84 
fl ~ -1.1 
]In C1~ 1.6 
tiM +0.4 
I In(CMC1/CMC2) 1.9 
~o _/3~ -1.5  

CI~ ~ 0.33 
IIn ] 

C2~ ~ 
Otsulfate *'E 0.91 
Mixture y .... (dynes/cm) 28. 2 
Lowest individual "/cn,e 

(dynes/cmm) 29.e 
O. 1M Na Cl (aq.)/Hexadecane 
Mole fraction of anionic in 

the entire system 0.0129 0.013 8 
Mole fraction of anionic in 

aq. phase (after 
partitioning of nonionie) 0.8 0.95 

BaLL -2.2 -1.2 
C~ 

IIn I 2.9 4.1 
C~ 

flMLL - 1.5 -0.2 
CMCIt ' 3.0 4.3 

IIn q 
CMC~.t 

f l  ~ - f l  M - 0 . 7  - 1 . 0  

C~ 0.1 0.2 
lIn ~ 1  

C~ 
a',gsulfate 3.6~ • 10 -2 9.8 X 10 -a 
Mixture Y~,r162 (dynes/era) 0.10 0.13 
Lowest individual y~,r162 1.3 1.4 
(dynes/cm) 

1)/(K1~ ~ + 1) t he  f r ac t ion  o f s u r f a c t a n t  1 in t he  a queous  
p h a s e  of  t he  sys tem con ta in ing  only  s u r f a c t a n t  1; a n d  
F.)~ ~ + 1)/(Kz0052 ~ + 1) the  f r ac t ion  of  s u r f a c t a n t  2 in 
t he  a que ous  p h a s e  of  t he  sys t em con ta in ing  only sur fac-  
t a n t  2. The n o n a q u e o u s / a q u e o u s  p h a s e  vo lume  r a t i o  is 05 
a n d  K the  n o n a q u e o u s / a q u e o u s  m o l a r  p a r t i t i o n  coeffi- 
c ient  of  e ach  s u r f a e t a n t .  C~ C%,t a n d  C~2,t a re  t he  con- 
c e n t r a t i ons ,  b a s e d  u p o n  the  t o t a l  vo lume  of  the  sys tem,  
r equ i r ed  to  p r o d u c e  the  s a m e  in te r fac ia l  value.  Once XI,1 
is known,  it  is s u b s t i t u t e d  in equa t ion  [15] 

tOLL = In (C12,ta 1 F1/Fl~176 [15] 
(1  - X1,1) 2 

in o r d e r  to  ob ta in  t~ t h e  m o l e c u l a r  i n t e r a c t i o n  p a r a m e -  
t e r  b e t w e e n  s u r f a c t a n t s  1 a n d  2 a t  t he  a que ous  s o l u t i o n /  
h y d r o c a r b o n  in ter face .  

When  a~ a p p r o a c h e s  zero o r  one,  t he  p a r t i t i o n  coeffi- 
c ien t  va lues  m a y  be e l im ina t e d  f rom equa t i ons  [14] a n d  
[15] s ince  in the  l imit  o/14 1, oqC12.t~C~ kl - -  kF, a n d  FI~ 
F~-- 1, a n d  in t he  l imit  a~ --  0, F l ~  ~ 0 a n d  the  effect 
of  F~~ on Xl, land fl%L becomes  negligible. S imi la r  re la-  
t i onsh ips  hold  for  c~2. Since these  cond i t i ons  a r e  me t  in t he  
sys t ems  inves t iga ted  here,  equa t i ons  [14] and  [15] wi th-  
ou t  F1 ~ FI, F 2 or  F2 ~ were  used  to  ca l cu l a t e  XLI a n d  
~~176176 t a n d  C12,t a re  t he  c o n c e n t r a t i o n s ,  b a s e d  u p o n  
the  t o t a l  vo lume of  t he  sys tem,  r e q u i r e d  to  p r o d u c e  the  
s a m e  in te r rac ia l  t ens ion  value.  

E q u a t i o n s  ana logous  to  equa t i ons  [14] a n d  [15] wi th-  
ou t  FLF2,F F a n d  F.) ~ ho ld  for  t he  ca l cu l a t i on  of  BMLL, t h e  
m i x e d  mice l l a r  m o l e c u l a r  i n t e r a c t i o n  p a r a m e t e r  be tween  
s u r f a c t a n t s  1 a n d  2 in aqueous  s o l u t i o n /  h y d r o c a r b o n  
sys tems.  

The  mole  f rac t ion  a t  t he  p o i n t  of  m a x i m u m  synerg i sm 
in su r f ace  t ens ion  r e d u c t i o n  effect iveness  is given by the  
r e l a t i onsh ip  (14): 

al", E = [((CMCI~ ~ �9 (Xl*/(1 - X~')) X 

e x p  tim (1 - 2X~')/{1 + [(( CMCF/CMC2 ~ [16] 

in o r d e r  to  ob t a in /3  o, t he  m o l e c u l a r  i n t e r a c t i o n  p a r a m e -  
t e r  b e t w e e n  s u r f a c t a n t s  1 a n d  2 a t  t h e  aqueous  s o l u t i o n /  
a i r  in te r face .  Negat ive  rio va lues  i n d i c a t e  a t t r a c t i v e  in ter -  
act ion,  pos i t ive  va lues  i nd i ca t e  repuls ive  in t e rac t ion .  

Fo r  d e t e r m i n i n g  tiM, t he  i n t e r a c t i o n  p a r a m e t e r  for  
m i x e d  micel les  of  t he  two  su r f ac t an t s ,  equa t ion  [12] is 
solved for  X M, t h e  mole  fac t ion  of  s u r f a c t a n t  1 in t he  t o t a l  
s u r f a c t a n t  in t h e  m i x e d  micelle,  us ing t h e  c o r r e s p o n d i n g  
c r i t i ca l  micel le  c o n c e n t r a t i o n s  i n s t e a d  of  C1 ~ C2 ~ a n d  C~2. 
This is i n s e r t e d  in equa t ion  [13] to ca lcu la te f l  M. 

F o r  measuring/~OLL , t he  m o l e c u l a r  i n t e r a c t i o n  p a r a m e -  
t e r  a t  t he  l iqu id / l iqu id  in ter face ,  equa t ion  [14] is f i rs t  
i t e ra t ive ly  solved for  Xt.~, w h e r e  X~j is t he  mole  f r ac t ion  of  
s u r f a c t a n t  

(Xl,i)21n(F1C12,t ~1/F1 ~ C~ , [ 1 4 ]  
(1 - Xl,,) 2 In [F 2 C12,t(1 - a)/F2o(Co2,t(1 - X l , l )  ] 

1 in t he  t o t a l  s u r f a c t a n t  a t  t he  aqueous  s o l u t i o n / h y d r o -  
c a r b o n  in ter face ;  F l=  (05 + 1 ) / ( K  05 + 1) is t he  f r ac t ion  of  
s u r f a c t a n t  1 in t he  aqueous  p h a s e  of  t he  s u r f a c t a n t  mix-  
ture ;  F 2 = (05 + 1)/(K205 + 1) t he  f r ac t ion  of  s u r f a c t a n t  2 in 
t h e  a queous  p h a s e  of  t he  s u r f a c t a n t  mix tu re ;  F~ ~ = (051 ~ + 

• ( X l ' / 1  - X l ' ) ) )  e x p  fl-~ (1 - 2Xl ' ) ]  } 

w h e r e  X~" is the  mole  f r ac t ion  of  s u r f a c t a n t  1 a t  t he  sur-  
face  a t  t he  p o i n t  of  m a x i m u m  and  is c a l c u l a t e d  i t e ra t ive ly  
f rom equa t ion  [16] 

Y%mc I -Sl  (/30 - BM) (1 - X I " )  2 

y%.~ 2 -S2 (B ~ - t "~) ( X I ' P  
= 1, [17] 

w h e r e  Y~ l a n d  Y~ 2 a r e  t he  su r face  t ens ion  va lues  a t  
the i r  CMC's of ind iv idua l  s u r f a c t a n t s  1 a n d  2, respect ively;  
a n d  S~ a n d  S 2 a r e  the  s lopes  of  t he  7 -  In C p lo t s  of  t he  
ind iv idua l  s u r f a c t a n t s  1 a n d  2, respect ively .  

Since for the  a que ous  s o l u t i o n / h y d r o c a r b o n  sys t ems  
inves t iga ted ,  a t e n d s  t o w a r d  zero, p a r t i t i o n  coeff ic ients  
a r e  no t  n e e d e d  to ca l cu l a t e  a l  ",E. E q u a t i o n s  ana logous  to  
[16] a n d  [17], b u t  b a s e d  on c o n c e n t r a t i o n s  in t he  en t i r e  
sys t em a n d  upon  in te r fac ia l  t ens ions  a re  used  to ca lcu-  
la te  a~ ".E for  t he  l iqu id / l iqu id  sys tems.  

A q u e o u s  s o l u t i o n / a i r  s y s t em .  The CI6BGEO5S - 
C1(~BGEO5OH m i x t u r e  s h o w e d  on ly  w e a k  i n t e r a c t i o n  be- 
tween  the  two su r f ac t an t s ,  bo th  in m i x e d  m o n o l a y e r  (rio 
- 1 . i )  a n d  in m i x e d  micel le  (fl-~,=+ 0.4) fo rma t ion .  The  
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r a t h e r  w e a k  i n t e r a c t i o n s  b e t w e e n  the  s u r f a c t a n t s  a r e  
p r o b a b l y  due  to the  h ighly  b r a n c h e d  alkyl  cha ins  p r e v e n t -  
ing the  close a p p r o a c h  of  t he  two su r f ac t an t s .  Such w e a k  
i n t e r a c t i o n s  a re  also seen  in m i x t u r e s  of  s o d i u m  di- (2- 
e thy lhexy l )  su l fo succ ina t e  (15)  a n o t h e r  h ighly  b r a n c h e d  
s u r f a c t a n t ,  w i th  t h e  non ion ic  s u r f a c t a n t ,  C~2H25(EO)5OH 
(fl,- - 0.9; H, ~ - 1.2). Since t h e  cond i t i on  for  syne rg i sm in 
su r face  t ens ion  r e d u c t i o n  eff iciency (16) is lfl~ >1 [n (C1~ 
C2 ~ I a n d  the  cond i t i on  for  syne rg i sm in m i x e d  micel le  
f o r m a t i o n  is lfl M ] > l l n  (CMC~/CMC2) I, t he  d a t a  in Table 2 
i nd i ca t e  t h a t  t h e s e  cond i t i ons  a r e  no t  me t  a n d  these  two 
types  of  syne rg i sm a r e  no t  obse rved  in m i x t u r e s  of  t he se  
two  mate r i a l s .  

However,  synerg i sm in su r f ace  t ens ion  r e d u c t i o n  effec- 
t iveness  (14)  is shown  by th is  m i x t u r e  s ince  the  con di t ion 
for  synergism,  in th is  respec t ,  

]fl ~ - f l ~ >  I In CI~176 1, 

C2~ ~ 

is a t t a ined .  As a resul t ,  t he  m i x t u r e  d e p r e s s e s  t he  su r f ace  
t ens ion  to a v a l u e  (28.2 d y n e s / c m )  lower  t h a n  t h a t  a t t a in -  
able  by  e i the r  c o m p o n e n t  by  itself. The  a*,E~u~fat~ va lue  is 
c a l c u l a t e d  to  be  0 .9i .  

Aqueous solution//hydrovarbon systems. Both  t h e  
C16BGEO5S - C16BGEO5OH a n d  C16LGEOsS - C16LGEOsOH 
m i x t u r e s  show syne rg i sm in in te r fac ia l  t ens ion  r e d u c t i o n  
effect iveness,  whi le  showing  no syne rg i sm in in t e r f ac i a l  
t ens ion  r e d u c t i o n  eff ic iency or  m i x e d  micel le  fo rma t ion .  
Because  of  t he  syne rg i sm in in t e r r ac i a l  t ens ion  r e d u c t i o n  
effect iveness,  bo th  t hese  m i x t u r e s  r e d u c e  the  in t e r f ac i a l  
t ens ion  to less t h a n  0.2 d y n e s / c m .  The a*,E~uat~ va lue  for  
t he  C16BGEO~S - CI~BGEO~OH m i x t u r e  is c a l c u l a t e d  to  be 
3.65 • 10 -2, a n d  t h e  va lue  for  t h e  C16LGEOsS - 
Cl~LGEO5OH m i x t u r e  is c a l c u l a t e d  to  be 9.8 • 10 -3. The 
r e a s o n  these  a ' ,  E su l fa te  va lues  a re  so m u c h  sma l l e r  t h a n  

for  t he  L / A  sys t em is t h a t  in equa t ion  [15], when  CMC~ 
.... CMC~ C16BGEO5OH a n d  C16LGEO5OH are  ve ry  
oil soluble,  which  m a k e s  CMC~176 a n d  
t h e r e f o r e  O~*,Esulfatc tO be ve ry  smal l  for  t he  L /L  sys tems.  

The  va lue  for  t he  mole  f r ac t ion  of  an ion ic  in t he  aque-  
ous  p h a s e  a f t e r  p a r t i t i o n i n g  of  t he  nonionic  l i s ted  in Table 
2 is o b t a i n e d  by a s suming  t h a t  t he  p r e s e n c e  of  h e x a d e -  
cane  does  no t  a p p r e c i a b l y  affect  t he  CMC in t h e  a queous  
phase ,  a n d  us ing  the  d i f fe rence  be tw e e n  t h e  CMC in t he  
a q u e o u s  s o l u t i o n / a i r  sys tem a n d  the  CMC for  the  to ta l  
sy s t em in t he  a q u e o u s  s o l u t i o n / h e x a d e c a n e  case  to  cal- 
cu l a t e  a p p r o x i m a t e  p a r t i t i o n  coeff ic ient  values:  C~6 
BGEO5OH,K (=C0/Cw) ~ 7 • 103;C16LGEQOH, K ~ 2 • 104. 

Draves wetting. Draves  we t t i ng  t imes  a r e  l i s ted  in Table 
3. A t  all c o n c e n t r a t i o n s  inves t iga ted ,  t he  o r d e r  of  we t t i ng  
t ime  a t  a f ixed  s u r f a c t a n t  c o n c e n t r a t i o n  was  B i somer  
< LAS < L isomer.  The B isomer ,  which  is t he  mos t  h ighly  
b r a n c h e d  m a t e r i a l  a n d  also r e a c h e s  t he  lowest  su r f ace  
tens ion,  is t he  bes t  we t t i ng  agent .  

D a t a  on the  C~6BGEQS - C16BGEQOH m i x t u r e  indi-  
c a t e  tha t ,  in c o n t r a s t  to t he  s i t ua t i on  in su r f ace  a n d  in te r -  
facial  t ens ion  lower ing  w h e r e  the  p e r f o r m a n c e  of  
C16BGEOsS was  i m p r o v e d  by  the  a d d i t i o n  of  
C~6BGEQOH, such  i m p r o v e m e n t  does  no t  e x t e n d  to  
wet t ing.  

Ross-Miles foaming. Ross-Miles F o a m i n g  d a t a  a re  l i s ted  
in Table 4. Effect iveness  in f oa ming  is m e a s u r e d  by  the  
ini t ia l  foam height .  F r o m  the  da t a ,  C16BGEOsS a n d  LAS 
a re  a b o u t  equa l ly  effective, whi le  C~6LGEOaS is signifi- 
c a n t l y  less effective. 

F o a m  s tab i l i ty  can  be m e a s u r e d  by  dividing the  foam 
he igh t  a t  five m i n u t e s  by  t h e  ini t ia l  height.  The s tab i l i t i es  
of  all t h r e e  p u r e  c o m p o u n d s  a t  t he  c o n c e n t r a t i o n s  inves-  
t i ga t ed  a r e  c o m p a r a b l e ,  wi th  LAS a n d  C16LGEOsS pro-  
duc ing  a s l ight ly  m o r e  s t ab le  foam t h a n  C~6BGEQS. The 
a d d i t i o n  of C16BGEOsOH to  C16BGEO5S d e c r e a s e s  b o t h  
t he  foaming  effect iveness  a n d  foam s tab i l i ty  of  t he  la t te r .  

TABLE 3 

Draves Wetting Times ( sec) ,  0.1M NaCI 

Concentration C l e B G E O s S  C~6LGEQS 
(% w/w) 24.~oC 27oC 

LAS C16BGEOsS + C16LGEOsOH 
2 7 ~  %onionic=0.1,29~ 

0.10 6. 9 12.4 8-o 8"6 
0.05 144 25.6 17-1 --  
0.025 39. 9 61. 6 58.5 --  

TABLE 4 

Ross-Miles Foaming, 60~ 0.1M NaCI 

Concentration 
(% w/w) 

C16BG(EO)~S C,6LGEOsS 

Initial Initial Initial 
foam foam foam 
height 5 rain height 5 rain height 
(mm) Stability (ram) Stability (mm) 

LAS C16BG(EO)5S + 
C16BGEOsOH 

OLnonionic=0.1 
Initial 
foam 

5 rain height 5 rain 
Stability (ram) Stability 

0.25 200 0.93 
0.10 199 0.93 
0.025 170-180 ~0.90 

174 0.97 200 0.95 190 . 0.83" 
165 0.96 --  - -  157 0.89 
147 0.97 191 0.98 --  - -  

aSolution cloudy. 

JAOCS, Vol. 67, no. 4 (April 1990) 



204 

D.S. MURPHY ETAL.  

ACKNOWLEDGMENTS 

This material is based upon work supported by a grant from Exxon 
Research and Engineering Company. The authors wish to thank Dr. 
Paul Valint and Steven Zushma of that organization for synthesizing 
the two isomeric compounds, C~6LGEOsS and C16BGEOsS. 

REFERENCES 

1. O'Lenick, A.J., Jr. and R.E. Bilbo, Soap~Cosmetics/Chem. Spe- 
cialties 63:52 (1987). 

2. Reid, V.W., G.F. Longman and E.Heinerth, Tenside4:292 (1967). 
3. Rosen, M.J., J. Colloid Interface Sci. 79:587 (1981). 
4. Rosen, M.J., and S. Aronson, Colloids Surf. 3:201 (1981). 
5. Boucher, E.S., T.M. Grinchuk and A.C. Zettlemoyer, J. Am. Oil 

Chem. Soc. 49:45 (1968). 

6. Dahanayake, M., A.W. Cohen and M.J. Rosen, J. Phys. Chem. Soc. 
90:2413 (1986). 

7. Rosen, M.J., Surfactants  and  Interfacial  Phenomena, 2nd edn., 
Wiley Interscience, New York, 1989, pp. 88 and 121. 

8. McAuliffe, C., Nature (London) 200:1092 (1963). 
9. Molyneux, P., C.T. Rhodes and J. 8warbrick, Trans. Faraday  

Soc. 61:1043 (1965). 
10. Rehfeld, S., J. Phys. Chem. 71:738 (1967). 
11. Murphy, D.S. and M.J. Rosen, Ibid. 92:2870 (1988). 
12. Rosen, M.J. and X.Y. Hua, J. ColloidInterfaceSr 86:164 (1982). 
13. Rosen, M.J. and D.S. Murphy, Ibid. 110:224 (1986). 
14. Hua, X.Y. and M.J. Rosen, Ibid. 125:730 (1988). 
15. Chang, J.H., Y. Muto, K. Esumi and K. Meguro, J. Am. Oil Chem. 

So:. 62:1709 (1985). 
16. Hua, X.Y. and M.J. Rosen, J. Colloid Interface Sci. 90:212 (1982). 

[Received September 13, 1989; accepted December 26, 1989] 
[J S/D 5799] 

JAOCS, Vol. 67, no. 4 (April fl990) 


