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From the relat ionship be tween  the  distribution width 
of  oxyethylene  (OE)  or alkyl chains  and O /W emul- 
s ions  stability, it became  evident  that even with the  
same average OE or alkyl chain lengths,  the  phase-  
invers ion temperature  (PIT)  and O/W emuls ion  sta- 
bil ity depend on width. However,  emuls i f icat ion  at the  
PIT invariably results  in a very  stable O/W emuls ion.  
Emuls i f i ers  with a large distribution width o f  OE or 
alkyl chains  were also  found to improve O /W emuls ion  
stability. 

In o u r  p rev ious  p a p e r ,  a new m e t h o d  for  d e t e r m i n i n g  the  
o x y e t h y l e n e  (OE) cha in  d i s t r i b u t i o n  of  non ion ic  su r fac -  
t a n t s  was  r e p o r t e d  ( i ) .  The OE cha in  d i s t r i bu t ion  o f  non-  
ionic s u r f a c t a n t s  has  s igni f icant  inf luence  on su r f ace  
chemica l  p rope r t i e s ,  such  as  emuls i f i ca t ion  a n d  solubi l i ty  
(2,3). I t  ha s  been  f o u n d  in s o m e  s t ud i e s  t h a t  O /W emul-  
s ions  m a d e  wi th  emuls i f ie rs  of  b r o a d e r  d i s t r i bu t ion  a r e  
m o r e  s t ab le  t h a n  t h o s e  m a d e  wi th  emuls i f ie rs  w i th  s h a r p  
d i s t r i bu t ion  (3,4). However ,  t he  r e l a t i o n s h i p  be tw e e n  
O/W emuls ion  s tab i l i ty  a n d  OE cha in  d i s t r i bu t ion  is no t  
a d e q u a t e l y  u n d e r s t o o d ,  b e c a u s e  t h e  ave rage  n u m b e r  of  
OE cha in s  differs  a n d  the  n u m b e r  of  c o m p a r a t i v e  sam-  
ples  is few. 

In th is  p a p e r ,  t he  effects  of  OE a n d  alkyl  cha in  d i s t r ibu-  
t ion  on  O/W emuls ion  s tab i l i ty  were  e x a m i n e d  us ing 
emuls i f ie r s  wi th  t he  s a m e  n u m b e r s  of  OE a n d  alkyl 
chains .  

EXPERIMENTAL 

Materials.  The non ion ic  s u r f a c t a n t  s amples ,  h o m o g e n e -  
ous  po ly  (OE) alkyl  e t h e r s  (CmE., w h e r e  m is t he  n u m b e r  
of  alkyl  cha ins ,  n is t h e  n u m b e r  of  OE cha ins )  were  ob- 
t a i n e d  f rom Nikko Chemica l s  Co., Ltd.  ( J a p a n ) .  Puri ty,  
a cco rd ing  to  gas c h r o m a t o g r a p h y  (GC), e x c e e d e d  95%. 
The c y c l o h e x a n e  used  was  of  e x t r a  p u r e  g r a d e  a n d  used  
w i t h o u t  f u r t h e r  pur i f i ca t ion .  

Emulsi f iers.  The d i s t r i bu t i on  of  OE a n d  alkyl cha in s  of  
t he  emuls i f ie rs  for  emuls i f i ca t ion  is s u m m a r i z e d  in Table 
1, a n d  is i n d i c a t e d  as  m o l a r  d i s t r ibu t ion .  The  average  
n u m b e r s  of  alkyl  a n d  OE cha in s  of  emuls i f ie rs  were  12 
a n d  6, respect ively .  

Methods. The emu l s ions  c o n s i s t e d  of  48 wt% wate r ,  48 
wt  % c y c l o h e x a n e  a n d  4 wt% emulsif ier .  The emuls i f ica-  
t ion was  c o n d u c t e d  a c c o r d i n g  to  S h i n o d a  et al. (4).  Emul-  
s ion s t o r age  t e m p e r a t u r e  was  15"C or  25~C. The  p h a s e  
vo lumes  of  t h e  coa lesced ,  d r a i n e d  a n d  emul s ion  p h a s e s  
were  obse rved  a f t e r  24 hr. The phase - inve r s ion  t e m p e r a -  
t u r e  (PIT) of  each  emul s ion  was  d e t e r m i n e d  by  an  e lec t r ic  
conduc t i v i t y  device  (5). 

*To whom correspondence should be addressed. 

TABLE 1 

Distribution of Nonionic Surfactants Used for Emulsification 

Distribution of oxyethylene chain length 

Emulsifiers C~2E4 C12E5 CI2E6 C12E7 Cl2E8 

ClzE~ --  - -  1.0 --  --  
CI2E~(S) --  0.i 0.8 0.I - -  
C12E~(N) 0.05 0.10 0.70 0.10 0.05 
CI2E~(W ) 0.1 0.2 0.4 0.2 0.1 
CI~E6(R) 0.13 0.19 0.26 0.39 0.03 
C~zE6(L) 0.03 0.39 0.26 0.19 0.13 

Distribution of alkyl chain length 

Emulsifiers CloE6 C12E6 Ct4E6 

CI~E 6 --  1.0 - -  
CI2(S)E6 0.1 0.8 0.1 
CI2(W)E6 0.3 0.4 0.3 

*Distribution is molar distribution. 

RESULTS AND DISCUSSION 

Figure  1 shows  t h e  effects  of  t he  d i s t r i bu t ion  w i d t h  of  OE 
cha in  length  on O/W emuls ions  s tab i l i ty  s t o r e d  a t  25"C. 
The b r o a d l y  d i s t r i b u t e d  emuls i f ie rs  s h o w e d  h igher  PIT 
t h a n  t h e  s h a r p l y  d i s t r i b u t e d  emulsif iers .  Emuls i f i ca t ion  
a t  PIT invar iab ly  f o r m e d  very  s t ab le  O / W  emuls ions ,  as  
a l r e a d y  p o i n t e d  o u t  by  S h i n o d a  a n d  Sai to  (6). One r e a s o n  
for  th is  m a y  be the  sma l l e r  i n t e r r ac i a l  t ens ion  be tw e en  the  
oil a n d  w a t e r  p h a s e s  a r o u n d  the  PIT (7).  Emuls i f i ca t ion  
a t  a t e m p e r a t u r e  h igher  t h a n  PIT fo rmed  O/W emuls ions  
m o r e  s t ab le  t h a n  those  p r o d u c e d  be low PIT. Emuls i f ica-  
t ion a t  a t e m p e r a t u r e  h igher  t h a n  PIT gave a W/O emul-  
s ion a t  first,  wh ich  t hen  u n d e r w e n t  an  invers ion  to  an 
O/W emuls ion  by  cool ing to  t he  s t o r a ge  t e m p e r a t u r e .  
Dur ing  this  t ime,  emuls i f ie rs  d isso lved  in t he  oil p h a s e  
moved  to t h e  wa te r -o i l  i n t e r f ace  f rom t h e  oil p h a s e  a n d  
m a y  have  f o u n d  i m p o r t a n t  use  a t  t he  wa te r -o i l  in ter face .  
Thus, emuls i f i ca t ion  a t  a t e m p e r a t u r e  h igher  t h a n  PIT 
m a y  e n h a n c e  O/W emuls ion  s tabi l i ty .  As for  a co r r e l a t i on  
be tw e e n  the  d i s t r i bu t ion  w i d t h  of  OE cha ins  a n d  O / W  
emuls ion  s tabi l i ty ,  t he  O / W  emuls ion  m a d e  wi th  a homo-  
geneous  emuls i f ie r  (ClzE6) was  the  m o s t  uns tab le ,  a n d  
t h a t  m a d e  wi th  an  emuls i f ie r  hav ing  a large  w id th  of  OE 
d i s t r i b u t i o n  [C~2E6(W)] was  qu i te  s table .  The r e a s o n  for  
th is  m a y  be t h a t  b r o a d e r  emuls i f ie rs  a r e  more  su r f ace  
act ive,  as  p r ev ious ly  r e p o r t e d  (8).  The effects  of  t he  d is t r i -  
bu t ion  shif t  of  OE cha ins  on O/W emuls ion  s tab i l i ty  s t o r e d  
a t  25~C a re  shown  in F igure  2. The O/W emuls ion  m a d e  
wi th  C12E6(R), having  d i s t r i bu t ion  in t he  longer  OE cha in  
d i rec t ion ,  was  m u c h  m o r e  s t ab le  t h a n  t h a t  wi th  C12E~(L), 
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FIG.  1. E f f e c t  o f  d i s t r i b u t i o n  w i d t h  o f  OE c h a i n s  on  O / W  e m u l s i o n s  s tab i l i t y  s t o r e d  a t  25~C. 
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FIG.  2. E f f e c t  o f  d i s t r i b u t i o n  sh i f t  o f  OE c h a i n s  on  O / W  emul -  FIG.  3. E f f e c t  o f  d i s t r i b u t i o n  w i d t h  o f  a lky l  c h a i n s  on  O / W  emul -  
s i o n s  s tab i l i t y  s t o r e d  at 25~C. s i o n s  s tab i l i t y  s t o r e d  at 25r 

having distribution in the shorter  OE chain direction. 
Thus, C12E7 and C12Es, having longer OE chains, contrib- 
ute to the formation of stable O/W emulsions. Figure 3 
shows the effects of the distribution of alkyl chains on 
O/W emulsion stability stored at 25~ When the distribu- 
tion of alkyl chains was broad, the coalescence was slight 
and the emulsions were much more stable than that  by 
sharply distributed emulsifiers. Figure 4 shows the effects 
of OE and alkyl chain lengths on PIT, as well as the stable 
temperature  region of O/W emulsions stored at 25~ by 
homogeneous CmEn. The stable temperature  region is de- 
fined as follows: The coalesced phase is not recognized, 
and the remaining O/W emulsion phase is above 70% after 
24 hr. PIT increased linearly with OE chain length, but 
decreased with increase in alkyl chain length. For O/W 
emulsions made with C12E6, there was coalescence at all 
emulsification temperatures  (5-60~ while for those 

made with C12E7, Cl2Es and C~oE6, a stable temperature  
region could be detected. The stable temperature  region 
of C12E4, Ct2E 5 and C|4E6 could not be determined, since 
the storage temperature of the O/W emulsions exceeded 
PIT. It thus follows that  the formation of more stable 
emulsions by broadly distributed emulsifiers may be due 
to further expansion of the stable temperature  region 
caused by mixing various chain lengths. 

The effects of the distribution width of OE and alkyl 
chains on O/W emulsion stability at 15~ are presented in 
Figure 5. Compared to O/W emulsions stored at 25~ the 
distribution of OE and alkyl chains failed to have strong 
effects on O/W emulsion stability at 15~C. However, 
the broadly distributed emulsifiers gave more stable 
O/W emulsions than the sharply distributed emulsifiers. 
Figure 6 shows PIT and the stable temperature  region of 
O/W emulsions stored at 15~ by homogeneous CmEn. The 
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s tab le  t e m p e r a t u r e  region  of  O / W  emuls ions  by  h o m o -  
geneous  CmEn s t o r e d  a t  15"C was  gene ra l ly  c o n s t a n t  as  
c o m p a r e d  wi th  t h a t  for  s t o r a g e  a t  25~C, espec ia l ly  wi th  
C12E6 . CI2E 6 is an  o p t i m a l  emuls i f ie r  for  a cyc lohexa ne -  
w a t e r  sy s t em s ince  the  HLB va lue  of  C12E 6 a n d  t h a t  re-  
qu i r ed  for  c y c l o h e x a n e  a r e  11.7 a n d  11.5, r e spec t ive ly  (9). 
Therefore ,  it  a p p e a r s  t h a t  C12E6 c o n t r i b u t e s  p r i nc ipa l l y  to  
t h e  e leva t ion  of  O /W emuls ion  s tab i l i ty  a t  15"C. CI2E6, 
however ,  does  no t  c o n t r i b u t e  to  t he  f o r m a t i o n  of  s t ab le  
O / W  emul s ions  a t  25~C. This  is b e c a u s e  PIT of  C12E6, as  
shown  in F igure  4, is n e a r  t he  s t o r a g e  t e m p e r a t u r e  (25"C) 
a n d  coa l e scence  p r o c e e d s  ve ry  r a p i d l y  n e a r  PIT as  re- 
p o r t e d  by  S h i n o d a  et ai. (6). 

F r o m  the  r e su l t s  of  th is  s tudy ,  we have  c o n c l u d e d  t h a t  
t he  mix ing  of  emuls i f ie rs  having  s h o r t  o r  long OE a n d  
alkyl  cha ins  is effective for  e n h a n c i n g  O/W emuls ion  s ta -  
bility, s ince  the  s t ab le  t e m p e r a t u r e  region e x p a n d s .  
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