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ABSTRACT 
The z e t a  p o t e n t i a l  of d r o p l e t s  formed by t h e  s e l f  

e m u l s i f i c a t i o n  of composi t ions  of n-hexane, phosphated 
nonylphenol  e t h o x y l a t e  and phosphated f a t t y  a l c o h o l  
e t h o x y l a t e  h a s  been de termined  i n  water and aqueous 
e l e c t r o l y t e  s o l u t i o n s  over a pH range  of 3-11. 
Anomalies may be noted  a s  a f u n c t i o n  of t h e  n-hexane 
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 / o i l  composi t ion  added t o  
water. Th i s ,  it i s  sugges ted ,  may be r e l a t e d  t o  t h e  
mesomorphic sys tems t h a t  occur  i n  b u l k  composi t ion /water  
m i x t u r e s  and could form a t  t h e  i n t e r f a c e  of t h e  d r o p l e t s  
i n  water. 
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212 YALABIK-KAS AND GROVES 

E f f e c t s  on t h e  electrophoretic/mobility observed  
i n  t h e  p re sence  of sodium, l i t h i u m ,  calcium or magnesium 
may be exp la ined  by t h e  r e l a t i v e  s i z e  of t h e  s p h e r e  of 
hydra t ion  around t h e  c a t i o n  t h a t  c o n t r o l s  t h e  dep th  of 
p e n e t r a t i o n  through t h e  s u r f a c e  l a y e r s  of t h e  droplets. 

Aluminum i o n s  appear  t o  react comple te ly  w i t h  t h e  
s u r f a c t a n t  phosphate  moiety,  p r e c i p i t a t i n g  d i r e c t l y  o n t o  
t h e  d r o p l e t  s u r f a c e .  The d r o p l e t  s u r f a c e  charge  always 
remains n e g a t i v e  and below 30 mV excep t  i n  t h e  p re sence  
of aluminum ions.  The maximum charge  i s  o b t a i n e d  a t  t h e  
p H  of 5.5 which approximates  t o  t h e  pKal of t h e  
s u r f a c t a n t  m i x t u r e .  

INTRODUCTION 
Spontaneous or  se l f - emul s i fy ing  sys tems are  wide ly  

employed f o r  t h e  d e l i v e r y  of b i o c i d a l  chemicals .  The 
spontaneous fo rma t ion  of an emulsion a f t e r  t h e  a d d i t i o n  
of an o i l  based s o l u t i o n  of s u r f a c t a n t  materials t o  
water may occur over  a v a r i a b l e  time span,  from seconds 
t o  months depending on t h e  c o n s t i t u t i o n  of t h e  system 
(1). 

The p r o p e r t i e s  of a simple model system c o n s i s t i n g  
of n-hexane s o l u t i o n s  of phosphated nonylphenol  
e t h o x y l a t e  (PNE) and phosphated f a t t y  a l c o h o l  
e t h y o x y l a t e  (PFE) have been exp lo red  p r e v i o u s l y  i n  o rde r  
t o  o b t a i n  more i n s i g h t  i n t o  t h i s  i n t e r e s t i n g  process , (2)  
- (91 .  I n  summary, it h a s  been possible  t o  c o r r e l a t e  
t h e  speed wi th  which an emulsion forms w i t h  t h e  
fo rma t ion  i n  b u l k  m i x t u r e s  of t h e  o i l / w a t e r / s u r f a c t a n t  
system of v a r i o u s  mesomorpic phases .  The s u g g e s t i o n  h a s  
been made t h a t  t h e  fo rma t ion  of t h e  drople t s  and t h e i r  
subsequent  s t a b i l i z a t i o n  a g a i n s t  coa le scence  may be 
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THE ZETA POTENTIAL 213 

r e l a t e d  t o  t h e  fo rma t ion  of mesomorphic material a t  t h e  
i n t e r f a c e  of t h e  d r o p l e t ,  ( 1 0 ) .  

Changing t h e  amount of n-hexane i n  a 1:l mix tu re  
by weight  of t h e  s u r f a c t a n t s  proved t o  be a simple 
method of moving a c r o s s  phase boundar i e s  on t h e  
e q u i l i b r i u m  t e r n a r y  phase diagram. I t  was sugges t ed  
(10) t h a t  t h i s  might r e s u l t  i n  changing t h e  i d e n t i t y  of 
t h e  mesophase a t  d r o p l e t  i n t e r f a c e s  a l though  d i rec t  
ev idence  f o r  t h i s  s u p p o s i t i o n  h a s  been d i f f i c u l t  t o  
o b t a i n  owing t o  t h e  small s i z e  of t h e  d r o p l e t s .  

A t t e n t i o n  was a c c o r d i n g l y  t u r n e d  t o  t h e  
measurement of e l e c t o p h o r e t i c  m o b i l i t y  s i n c e ,  by 
changing t h e  pH o r  adding  counter - ions ,  it might prove  
p o s s i b l e  t o  p rov ide  some a d d i t i o n a l  ev idence  of t h e  
i n t e r f a c i a l  i d e n t i t y  of t h e  d r o p l e t s .  

EXPERIMENTAL 

Phosphated nonylphenol  e t h o x y l a t e  (PNE)  - 
Phospholan PNP-9, Lankro Chemicals L t d . ,  Eccles, 
Manchester,  used a s  d e s c r i b e d  ( 2 )  

Phosphated f a t t y  a l c o h o l  e t h o x y l a t e  (PFE) - 
Phospholan PDE-3 Lankro Chemicals Ltd. ,  used a s  r e c e i v e d  
(3 )  

n-Hexane, Labora tory  r eagen t  grade ,  F i sons  

Water - doub le  g l a s s  d i s t i l l e d .  A l l  o t h e r  s a l t s  
S c i e n t i f i c  Apparatus  Ltd. ,  used a s  r e c e i v e d  

AnalaR grade ,  Hopkins and W i l l i a m s  L t d .  

Methods 
-t - t h e  pKa of a 1:l mix tu re  by weight  

of PNE and PFE was de termined  by au tomat i c  t i t r a t i o n  of 
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2 1 4  YALABIK-KAS AND GROVES 

a s o l u t i o n  c o n t a i n i n g  1.0 g dm'3 of t h e  m i x t u r e  i n  
f r e s h l y  b o i l e d  and coo led  d i s t i l l e d  water w i t h  0.1 M 
sodium hydroxide under a n i t r o g e n  atmosphere.  The 
t i t r a t i o n  cu rve  had two i n f l e c t i o n  p o i n t s  cor responding  
t o  a PKal = 5.1 and pKa2 = 9.1. 

Seta DO- - E l e c t r o p h o r i t i c  m o b i l i t y  and t h e  
cor responding  z e t a  p o t e n t i a l  were de termined  u s i n g  a 
Zeta Meter (Zeta Meter, Inc . ,  N e w  York) i n  accordance  
w i t h  t h e  o p e r a t i o n a l  p rocedures  g iven  i n  t h e  manual. 
The ave rage  t i m e  fo r  twelve  particles t o  m i g r a t e  one 
f u l l - s c a l e  d i v i s i o n  was de termined  and t h e  
e l e c t r o p h o r e t i c  m o b i l i t y  (El, t h e  v e l o c i t y / u n i t  v o l t a g e  
g r a d i e n t ,  conve r t ed  t o  t h e  z e t a  p o t e n t i a l  by t h e  
Helmholtz-Smoluchowski equa t ion  3 = E. 4 " .  V t / D t  

Where V t  = v i s c o s i t y  of t h e  medium ( p o i s e )  and D t  
i s  t h e  d ie lec t r ic  c o n s t a n t  of t h e  medium a t  t h e  
temperature of measurement (25°C). 

Pre l imina ry  exper iments  e s t a b l i s h e d  t h a t  t h e r e  was 
minimum f l u c t u a t i o n  i n  t h e  d a t a  when t h e  c o n c e n t r a t i o n  
of t h e  disperse phase was ma in ta ined  a t  0.001%. P l a t e a u  
v a l u e s  were o b t a i n e d  i n  a l l  cases a t  e l e c t r o l y t e  
c o n c e n t r a t i o n s  of 0.001 M conf i rming  t h e  resul ts  of 
Riddick (11). Evolu t ion  of g a s  a t  a pH below 3 was 
observed and measurements were conf ined  t o  t h e  range  of 
pH 3-11. 

on of t h e  emulsions - The a p p r o p r i a t e  
volume of t h e  o i l / s u r f a c t a n t  system under e v a l u a t i o n  was 
added t o  a n  excess  of t h e  d i l u e n t  and t h e  emulsion 
a l lowed t o  form i n  a closed c o n t a i n e r  f o r  30 minutes .  
The c o n t a i n e r  was t h e n  g e n t l y  a g i t a t e d  b e f o r e  adding  
more d i l u e n t  t o  t h e  r e q u i r e d  volume. Because of t h e  
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THE ZETA POTENTIAL 215 

v o l a t i l i t y  of t h e  o i l ,  measurements were t aken  a s  
r a p i d l y  as  p o s s i b l e  a f t e r  comple t ion  of t h e  
e m u l s i f i c a t i o n  s t a g e .  

RESULTS 
By va ry ing  t h e  amount of n-hexane added t o  a 1:l 

mix tu re  by weight  of PNE:PFE it i s  p o s s i b l e  t o  prepare 
composi t ions  t h a t  should  produce d i f f e r e n t  mesomorphs 
when added t o  water  ( 8 ) .  The e f f e c t  t h i s  h a s  on t h e  
z e t a  p o t e n t i a l  of t h e  emulsion d r o p l e t s  d i s p e r s e d  a t  pH 
3.0 is shown i n  Fig.  1. Similar anomalous r e s u l t s  w e r e  
noted  a t  pH 5.0 and 9.0,  s u g g e s t i n g  t h a t  a more d e t a i n e d  
e x p l o r a t i o n  of systems cor responding  t o  v a r i o u s  
mesomorphic components might  be of i n t e r e s t .  Typ ica l  
d a t a  f o r  p o r t i o n s  of t h e  phase diagram co r re spond ing  t o  
lamellar and hexagonal  phase l i q u i d  c r y s t a l s  and f o r  
u n d i f f e r e n t i a t e d  material are  shown i n  Figs .  2-4. 

I t  w i l l  be noted  t h a t ,  i n  g e n e r a l ,  i n f l e c t i o n s  i n  
charge  occur  a t  around pH 5.5 i n  t h e  p re sence  of most 
e l e c t r o l y t e s .  Aluminum i o n s  caused  a r a p i d  d r o p  i n  
charge  and a dec reased  s t a b i l i t y  of t h e  emulsion 
systems,  c o n s i s t e n t  w i t h  t h e  charge  be ing  reduced below 
30 mv (12) .  

DISCUSSION 
Both PNE and PFE are a n i o n i c  s u r f a c t a n t s  w i t h  

e t h y l e n e  oxide  condensa te  m o i e t i e s  (2,3). The cha rge  on 
t h e  d r o p l e t s  a r i ses  mainly through i o n i z a t i o n  of t h e  
t e r m i n a l  phosphate  group, wi th  some a b s o r p t i o n  of 
s p e c i f i c  i o n s  from t h e  s o l u t i o n .  The r e su l t s  o b t a i n e d  
show t h a t  t h e  s u r f a c e  charge  is g e n e r a l l y  
e l e c t r o n e g a t i v e ,  r each ing  a n  i n f l e c t i o n  p o i n t  a t  around 
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% n-hexane 

Fig. 1 

The zeta potential of droplets formed from'a mixture Of 
1:l PNE: PFE in n-hexane, as a function of n-hexane 
concentration. 

Key suhauak 
V distilled water 
A 0.001 m lithium chloride 
I 0.001 m sodium chloride 
n 0.001 m magnesium chloride 
a 0.001 rn calcium chloride 

A t  25O t h e  e q u i l i b r i u m  t e r n a r y  p h a s e  d i a g r a m  of  PNE: 

n - h e x a n e  i n  5 0 %  w/w w a t e r  c o n t a i n s  h e x a g o n a l  p h a s e  l i q u i d  

c r y s t a l  b e t w e e n  7 0  - 8 0 %  n - h e x a n e ,  v i s c o u s  i s o t r o p i c  l i q u i d  

b e t w e e n  5 5  a n d  7 0 %  n - h e x a n e  and l a m e l l a r  p h a s e  l i q u i d  

c r y s t a l  b e l o w  5 5 %  n - h e x a n e ,  ( 6 ) .  

PFE: 
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THE ZETA POTENTIAL 217 

-30 

ZETA - 4 0  
POTENTIAL 
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-1oc 
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I 

9 m - 
w 

- 
- 
- 

The ze ta  p o t e n t i a l  of drople t s  prepared with  the  system 
PNE: PFE: n-hexane 25: 25: 50, equivalent  t o  lamel lar  
mesophase diagram i n  the  presence of 50% water (61.  

XfY As f o r  Fig.  1 

0 0.001 m aluminum ch lor ide  
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Fig. 3 

As f o r  Fig.  2 ,  f o r  t h e  system PNE: PFE: n-hexane 
10:10:80, e q u i v a l e n t  t o  hexagonal  mesophase on t h e  
e q u i l i b r i u m  t e r n a r y  phase diagram i n  t h e  p re sence  of 
50% w/w water ( 6 ) .  

pH 5.5? approximate ly  cor responding  t o  t h e  pKal of t h e  

s u r f a c t a n t  mix tu re .  The d i f f e r e n t  composi t ions  
cor responding  t o  t h e  v a r i o u s  par ts  of t h e  e q u i l i b r i u m  
phase diagram hve d i f f e r e n t  behav io r?  depending on t h e  
pH of t h e  environment.  Those systems l i k e l y  t o  c o n t a i n  
hexagonal phase mesomorphs a t  t h e i r  s u r f a c e s  are  more 
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Fig. 4 

As f o r  Fig.  2 ,  f o r  t h e  system PNE: PFE: n-hexane 7.5: 
7.5:85, e q u i v a l e n t  t o  t h e  phase boundary between 
hexagonal  mesophase and u n d i f f e r e n t i a t e d  material on 
t h e  t e r n a r y  phase diagram i n  t h e  p re sence  of 50% w/w 
water ( 6 ) .  

e l e c t r o  n e g a t i v e  than  t h e i r  cor responding  lamellar phase 
sys tems under acid (pH 3-51 c o n d i t i o n s  where t h e  
s u r f a c t a n t  molecules  themselves  are  only  p a r t i a l l y  
ion ized .  These d i f f e r e n c e s  may ar ise  from s t ruc tura l  
d i f f e r e n c e s  between i n t e r f a c i a l  mesomorphic material. 
For example, t h e  hexagonal  material may be v i s u a l i z e d  a s  
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220 YALABIK-KAS AND GROVES 

having  t h e  l i p o p h i l i c  p o r t i o n s  of t h e  molecules  
p r o j e c t i n g  towards t h e  i n n e r  p a r t  of t h e  s u r f a c e ,  wi th  
t h e  h y d r o p h i l i c  groups p r o j e c t i n g  outward i n t o  t h e  
sur rounding  water (13-16). On t h e  o t h e r  hand, t h e  
lamellar phase s t ruc tu re  i s  more c l o s e l y  packed and 
o rde red  w i t h  a cohe ren t  doub le  l a y e r  of s u r f a c t a n t  
molecules  and i o n s  s e p a r a t e d  by water  (13). The 
observed d i f f e r e n c e s  i n  z e t a  p o t e n t i a l  are c o n s i s t e n t  
w i t h  t h e  changes i n  t h e  p o s t u l a t e d  degree  of o rde r  a t  
t h e  i n t e r f a c e .  These d i f f e r e n c e s  pers is t  even a t  a h igh  
pH where it is  most l i k e l y  t h a t  t h e  phosphate  t e r m i n a l  
groups are comple te ly  ion ized ,  s u g g e s t i n g  t h a t  t h e  
o v e r a l l  s t ruc tura l  i d e n t i t y  i s  r e t a i n e d .  

Zeta p o t e n t i a l  v a l u e s  o b t a i n e d  i n  water  become 
depres sed  when sodium i o n s  a re  in t roduced .  Napper (18)  
sugges t ed  t h a t  t h i s  e f fec t  is due t o  p e n e t r a t i o n  of t h e  
S t e r n  l a y e r  by t h e  sodium i o n s ,  a l lowing  a d s o r p t i o n  of 
t h e  counter - ions  and compression of t h e  d i f f u s e  part  of 
t h e  double  l a y e r .  Under t h e  same c o n d i t i o n s ,  l i t h i u m  
i o n s  produced less  d e p r e s s i o n  of t h e  charge  a l though ,  
from a s t r u c t u r a l  p o i n t  of view, l i t h i u m  has  a smaller 
a tomic  r a d i u s  and would be a n t i c i p a t e d  t o  p e n e t r a t e  more 
r e a d i l y .  Th i s  s u g g e s t s  t h a t  t h e  l i t h i u m  ion  i s  more 
hydra t ed  ( 1 7 ) .  The hydra t ed  l i t h i u m  i o n s  have a reduced 
a b i l i t y  t o  d e s t r o y  l o c a l  s t r u c t u r e  r a t h e r  t han  strucure- 
breaking  c h a r a c t e r i s t i c s .  

D iva len t  c a t i o n s  reduce  t h e  charge  on t h e  d r o p l e t s  
more than  1:l va lency  c a t i o n s  and t h e r e  were on ly  s l i g h t  
d i f f e r e n c e s  between a c i d  and a l k a l i n e  environments .  
Magnesium i o n s  dep res sed  t h e  charge  more e f f e c t i v e l y  
t h a n  calcium, probably  because they  p e n e t r a t e d  t o  t h e  
s u r f a c e  more r e a d i l y .  I n o r g a n i c  phosphates  do n o t  bind 
Ca++ (21)  and phosphates  i n  g e n e r a l  depress Ca++ 
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THE ZETA POTENTIAL 22 1 

a d s o r p t i o n  ( 2 2 ) .  I n  t h e  case of Mg++ t h e  d i f f u s e  l a y e r  
i s  n o t  so compressed and it is  u n l i k e l y  t h a t  Cat+ w i l l  
a d s o r b  o n t o  t h e  s u r f a c e  because of compe t i t i on  between 
water molecules and t h e  hydra ted  s h e l l s  around t h e  Ca". 
C a l c i u m  i o n s  behave as i n d i f f e r e n t  e l e c t r o l y t i e s ,  a t  
l eas t  a t  t h a t  concen t r a t ion .  T h i s  may a lso resul t  from 
s t e r i c  r e p u l s i o n  from t h e  polyoxyethylene c h a i n s  on t h e  
s u r f a c t a n t  molecules  (24, 25 ) .  

lowered cons ide rab ly  and Al+++  is cons ide red  t o  d e s t r o y  
t h e  p r o t e c t i v e  l a y e r s  of charge  around suspended 
p a r t i c l e s  by s u p p r e s s i n g  t h e  t h i c k n e s s  of t h e  o u t e r  part  
of t h e  e lectr ical  double  l a y e r  ( 2 6 ) .  The s u r f a c e  charge  
of phosphate tended  t o  become more e l e c t r o n e g a t i v e  i n  
t h e  presence  of Al+++ a t  h igh  pH, t h e  o p p o s i t e  e f f e c t  
be ing  observed wi th  Ca++ (27, 2 8 ) .  

Zeta p o t e n t i a l  i n  t h e  p re sence  of aluminum was 

The a d s o r p t i o n  of A1+++ i s  more l i k e l y  t o  i n v o l v e  
more than  a s impler  exchange r e a c t i o n ,  ( 2 9 ) .  Those 
a u t h o r s  sugges ted  t h a t  i o n s  may be p r e c i p i t a t e d  by 
h y d r o l y s i s  of A 1  (OH) " and A 1  (OH) z .  
aluminum hydroxide s u r f a c e s  are known t o  a b s o r b  and 
p r e c i p i t a t e  phosphates from s o l u t i o n  a s  A 1 ( O H I 2 , H 2 m 4 .  
Th i s  may e x p l a i n  t h e  i n i t i a l  c o a g u l a t i o n  of t h e  
phosphate s u r f  a c t a n t  s t a b i l i z e d  emulsions by Al+++ which 
i s  t h e n  fo l lowed by p r e c i p i t a t i o n .  No d i f f e r e n c e s  
c o n s i s t e n t  w i th  t h e  postulated i n t e r f a c i a l  s t ructures  of 
t h e  emulsion d r o p l e t s  can be d e t e c t e d  when t h e  zeta  
p o t e n t i a l  is measured a t  a l k a l i n e  pH i n  t h e  p re sence  of 
aluminum ions.  

Amorphous 

I n  summary, t h e  s u r f a c e  of d r o p l e t s  prepared  from 
a se l f - emul s i fy ing  system carr ies  a charge  t h a t  a p p e a r s  
t o  be in f luenced  i n  magnitude by t h e  composition of t h e  
system. These changes are  c o n s i s t e n t  w i t h  structures 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

0/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



222 YALABIK-KAS AND GROVES 

p o s t u l a t e d  t o  be formed on t h e  s u r f a c e  of t h e  d r o p l e t s  
d u r i n g  t h e  e m u l s i f i c a t i o n  p r o c e s s  ( 1 0 ) .  
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