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The coalescence of droplets of water and surfactant solutions in oil is 
described and the corresponding diffusion data are presented. 

An aqueous solut ion of s u r f a c e - a c t i v e  agent  (SA) 
in t roduced into a hydrophobic oil emul s ion  is  d i spe r sed  
in the oil. The droplets  of SA solut ion coalesce with 
drople ts  of fo rma t ion  water  conver t ing  them into a 
di lute solut ion of SA. The s u r f a c e - a c t i v e  agents d i s -  
place the na tu ra l  e m u l s i f i e r  f rom the sur face  of the 
new drople t  and thus faci l i ta te  coa lescence  [1-3].  

We have used h igh-speed  mo t ion -p i c tu r e  photog- 
raphy to inves t iga te  the m e c h a n i s m  of coa lescence  of 
drople ts  of water  in dibutyl phthalate  under  the condi-  
t ions of the P la teau  exper iment .  

The photographs on the left  of Fig.  1 show the coa-  
l e scence  of a colored and a c lear  droplet .  Despite the 
fact  that coa lescence  takes hundredths of a second, the 
contents  of the droplets  do not mix.  The s ame  p ic tu re  
is observed in connect ion with the coa lescence  in  oil 
of water  droplets  with d i f ferent  Laplace p r e s s u r e s  due 
to d i f ferences  in both the rad i i  (Fig. 1, r ight)  and the 
sur face  tens ion .  The absence  of mix ing  is  also noted 
when water  drople ts  of d i f ferent  dens i ty  coalesce .  In 
the l a t t e r  case,  the heavy pa r t  of the drople t  is tu rned  
downward, which a lso  p reven ts  grav i ta t iona l  mix ing  
in the s teady drople t  or in a drople t  in l a m i n a r  mot ion  
through the emuls ion .  

When drople ts  of SA solut ion coalesce  with droplets  
of fo rmat ion  water ,  the solut ion occupies a ce r t a in  
pa r t  of the volume of the new droplet .  Subsequent  m i x -  
ing of the solut ion with the water  proceeds  by diffusion.  

The SA molecu les  diffuse more  rap id ly  over  the 
sur face  of the drople t  than through its i n t e r io r .  How- 
ever ,  the sur face  diffusion eventual ly  slows down, 
s ince  in the pa r t  of the drople t  where there  is s t i l l  no 
in t e rna l  SA, the SA molecu les  begin to diffuse back 
f rom the sur face  into the i n t e r i o r  of the droplet .  

Thus, the r a t e  of a t t a inment  of equ i l ib r ium adso rp -  
t ion of SA at the sur face  of the new drople t  and d i s -  
p l acemen t  of the na tu ra l  e mu l s i f i e r s  f rom the phase 
in ter face ,  i. e~, the ra te  of deemuls i f i ca t ion  of the oil, 
depends on the ra t e  of diffusion of SA f rom one pa r t  of 
the drople t  (SA solution) to the other  ( format ion water) .  
The effect of this c h a r a c t e r i s t i c  of SA onthe  d e e m u l s i -  
f icat ion of oil (and the des t ruc t ion  of other  emuls ions )  
has not  been  studied, although the di f ference in diffu- 
s ion ra te  explains ,  for example,  the fact that the same  

reduc t ion  of sur face  tens ion  by di f ferent  SA c o r r e -  
sponds to d i f ferent  r a t e s  of deemuls i f ica t ion .  

In view of the inf luence of SA diffusion on the de-  
emuls i f i ca t ion  p rocess ,  we inves t iga ted  the diffusion 
p rope r t i e s  of the nonionogenic  SA now used extens ive ly  
for deemuls i f ica t ion .  

To de t e rmine  the diffusion coeff icients ,  we employed 
the p r inc ip le  of the Lamm method,  which cons is t s  in  
photographing an accura te  m i c r o m e t r i c  sca le  through 
the column of l iquid in  which the diffusion p rocess  is 
taking place [4]. 

F igure  2 shows the 1800-sec diffusion curve  for a 
1% solut ion of Disolvan (4411) under  d is t i l led  water  
(curve 1). The curve  is a s y m m e t r i c a l  with r e spec t  to 
the m a x i m u m  d isp lacement .  This  devia t ion f rom a n o r -  
mal  Gauss ian  curve  is c h a r a c t e r i s t i c  of all  the sub -  
s tances  inves t iga ted  and indica tes  a diffusion anomaly  
due to the po lyd i spe r s i ty  of the medium.  In the course  
of t ime,  the d i sp l acemen t  m a x i m u m  d imin ishes  (Fig. 
2, curve  2 af ter  3600 sec).  The a s y m m e t r y  of the 
curve,  however,  does not change. Accordingly ,  we 
ca lcula ted  the diffusion coefficients f rom the max imum 
ordinate  of the diffusion curve in accordance  with the 
fo rmula  [4] 

D = G~a2b~ (n l  - -  no) ~ 

4 ~ t Z  2 (1) 

Fig.  1. Coalescence  of colored and 
c lear  drople ts .  

It is c l ea r  f rom exp re s s ion  (1) that, for the diffu-  
s ion coeff icient  to be constant  with t ime,  it  is n e c e s -  
s a r y  that the product  tZ 2 also be constant .  However,  
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Fig. 2. Diffusion curves  for the 
deemul s i f i e r  4411 (absc issas :  
scale  d iv i s ions  n, ordinates :  
r e l a t ive  d i sp lacemen t s  of the 
d iv is ions  of the pr inc ipa l  and 
ocular  sca les  Z, #): 1) 1800 

sec; 2) 3600 sec.  

in the course  of t ime  (after about 4500 sec) the value 
of the product  tZ 2 begins  to inc rease ,  which leads  to 
a dec rease  in the diffusion coefficient.  This  indicates  
a deviat ion of the SA diffusion f rom F ick ' s  secondlaw.  
The physica l  s ign i f icance  of this is evidently as fol-  
lows. At the beginning of the exper iment ,  when the SA 
solut ion is  brought  into contact  with the d is t i l led  water ,  
the r a t e  of diffusion of SA molecules  into the pure  
water  is  high. After  a ce r t a in  t ime,  p r ima~y  mice l l e s  
begin  to fo rm in the upper  pa r t  of the diffusion cell ,  
which slows down the subsequent  diffusion. In this 
case,  the higher  the concentra t ion ,  the sooner  the dif-  
fus ion  ra te  begins  to slow down. 

The concen t ra t ion  dependence of the diffusion co-  
eff icient  in the range  f rom 0.2 to 1.0% is p r e sen t ed  in 
Fig.  3 for a t e m p e r a t u r e  of 293 ~ • 0.1 ~ K. 

Disolvan (4411) has the g rea t e s t  diffusion coeffi-  
cient.  As will be shown below, at low concen t ra t ions  
the agent  4422 has about the same  diffusion ra te  as 
4411. At high concent ra t ions ,  however,  i ts  diffusion 
coeff icient  is much s m a l l e r  than that of 4411. This  is 
evidently the r e a s o n  for its r e l a t ive  inef fec t iveness  as 
a deemul s i f i e r ,  even though it  is highly active.  

The curves  for OP-10 and O1)-7 a lmos t  coincide.  
The deemuls f f i e r  OZhK has the lowest  diffusion 

coefficient  of all  the SA studied. 

Since it  was not poss ib le  to de t e rmine  the diffusion 
coeff icients  at low concent ra t ions ,  we conducted ex-  
p e r i m e n t s  to r e g i s t e r  the m e a n  t r ans l a t iona l  veloci ty  
of the SA molecu les .  

Into a cyl inder  f i l led with a 0.5% solut ion of SA, we 
lowered  a cap i l l a ry  1 .3 .10  -3 m in d i ame te r  containing 
d is t i l led  water ,  so that its tip was in  contact  with the 
sur face  of the solut ion.  The height of the co lumn in the 
cap i l la ry  was m e a s u r e d  with a mic roscope  f rom the 
bot tom of the men i scus .  During the expe r imen t s ,  the 
t e m p e r a t u r e  was ma in ta ined  at 293 ~ • 0.1 ~ K. 

When the cap i l l a ry  is brought  into contact  with the 
sur face ,  the SA molecu les  diffuse into the water  and, 
af ter  a c e r t a i n  t ime,  r each  the me n i s c us .  The SA 
molecu les  move at d i f ferent  ve loc i t ies ,  and those pos -  
s e s s ing  the highest  ve loc i t ies  r each  the sur face  of the 
m e n i s c u s  f i r s t .  

When the SA molecules  appear  at the sur face ,  the 
level  of the water  co lumn in the cap i l l a ry  begins  to 
fal l .  This  fal l  becomes  not iceable  at ve ry  low concen-  
t r a t ions  of SA at the sur face ,  s ince,  for  many  SA, con-  
cen t ra t ions  of not more  than 0.001% will halve the s u r -  
face tens ion  of the water  at the a i r  boundary .  In the 
exper imen t s ,  the reduc t ion  in level  was m e a s u r e d  at 
ce r t a in  in t e rva l s  with a m e a s u r i n g  m i c r o s c o p e  accu -  
ra te  to 2 . 1 0  -5 m. The r e su l t s  of the expe r imen t s  with 
the deemul s i f i e r s  4422, 4411, O1)-10, and OZhK a re  
p resen ted  graphica l ly  in  Fig. 4. 

Until the SA molecu les  r each  the sur face  of the 
water  column,  the curves  a re  c ha r a c t e r i z ed  by a 
s t r a igh t - l i ne  segment .  Then the level  fal ls  at a r a t e  
de t e rmined  by the diffusion ra te  and the ac t iv i ty  of the 
agent. F ina l ly ,  when the sur face  becomes  sa tu ra t ed  
with SA molecu les ,  the water  level  r eaches  a m i n i m u m  
and the rea f te r  r e m a i n s  constant .  It is  c l ea r  f rom the 
in i t ia l  l i n e a r  segments  of the curves  that the 4411 
molecu les  have a somewhat  g rea t e r  diffusion ra te  than 
the 4422 molecu les .  The 01)-10 and OZhK molecu les  
have approximate ly  the same ra te  which, however,  is 
much l e s s  than that of 4411 and 4422. 

As a r e s u l t  of the la rge  s ize  of the m a c r o m o l e c u l e s ,  
the inves t iga ted  SA r e s e m b l e  typical  colloidal s y s t e m s  
with r e s p e c t  to the i r  diffusion p r ope r t i e s .  The diffu-  
s ion coefficient  Do for  a spher ica l  pa r t i c l e  (equal in 
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Fig. 3. Diffusion coeff icient  D 
(m2/sec)  as a funct ion of con-  
cen t ra t ion  C (%): 1) 4411; 2) 
4422; 3) O1)-10; 4) O1)-7; 5) 
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Fig. 4. Fall in the height h (m) of the water column 
in a capillary as a function of time t (see): 1) 4411; 

2) 4422; 3) OP-10; 4) OZhK. 
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�9 m a s s  to a p a r t i c l e  of a r b i t r a r y  shape)  is  r e l a t e d  to the 
d i f fus ion  coef f ic ien t  D by the e x p r e s s i o n  

B 
Do = D - -  

Bo 
The quant i ty  B / B  0 is ca l l ed  the coef f ic ien t  of d i s -  

s y m m e t r y  and is  equal  to 1 for  s p h e r i c a l  p a r t i c l e s .  

F o r  a s y m m e t r i c a l  p a r t i c l e s ,  B /B  0 > 1. The va lue  of 
B/B0 i s  r e l a t e d  to the r a t i o  1/d of the s e m i m a j o r  and 
s e m i m i n o r  axes  of a p r o l a t e  e l l i p so id ,  the f o r m  in 
which an a s y m m e t r i c a l  p a r t i c l e  in so lu t ion  i s  usua l ly  
r e p r e s e n t e d .  

Since the p h y s i c h o c h e m i c a l  p r o p e r t i e s  of the SA 
i nves t i ga t ed  can be r e g u l a t e d  by v a r y i n g  the number  of 
e thy lene  oxide groups  on the mo lecu l e ,  if we wish to 
i n c r e a s e  the d i f fus ion  coeff ic ient ,  i t  is  n e c e s s a r y  to 
t r y  and make  the coef f ic ien t  of d i s s y m m e t r y  B / B  0 as  
c l o s e  as  p o s s i b l e  to uni ty.  

I t  should  be noted that  in th is  c a se  the s u r f a c e  a c t i v -  
i ty  m a y  be r educed .  Accord ing ly ,  i t  is  n e c e s s a r y  to 
e s t a b l i s h  the condi t ions  under  which the d i f fus ion co -  
e f f ic ient  of the  SA and i t s  su r f ace  ac t iv i ty  a r e  opt imum.  

However ,  an i n c r e a s e  in the r a t e  of m o l e c u l a r  d i f fu-  
s ion of the SA m a y  s t i l l  fa i l  to ensu re  the suf f ic ien t ly  
r a p i d  mix ing  of the contents  of the d rop l e t s .  

To a c c e l e r a t e  mixing ,  i t  is  p o s s i b l e  to r e s o r t  to 
tu rbu len t  ag i ta t ion  of the e m u l s i o n  at  r e a s o n a b l y  l a r g e  
Reynolds  n u m b e r s .  In th is  r e g i m e ,  the spa t i a l  o r i e n t a -  
t ion of the d r o p l e t s  cont inuous ly  changes ,  as  a r e s u l t  
of which g r av i t a t i ona l  f o r c e s  p l ay  a m o r e  i m p o r t a n t  
p a r t  in the mix ing  of the SA so lu t ion  with the f o r m a t i o n  
wa te r .  

NOTATION 

D is the d i f fus ion  coeff ic ient ;  nl  and n o a r e  the r e -  
f r a c t i v e  ind ices  of the so lu t ion  and the solvent ,  r e s p e c -  
t ive ly ;  G is the pho tograph ic  magn i f i ca t ion  of the sca l e ;  
a is  the t h i ckness  of the cel l ,  i. e : ,  the g e o m e t r i c  t h i ck -  
ne s s  of the l a y e r  of l iquid  in which the di f fus ion t akes  
p lace ;  b is  the opt ica l  d i s t ance  f rom the s c a l e  to the 
cen t e r  of the cel l ;  Z is  the m a x i m u m  d i s p l a c e m e n t  of 
the  s c a l e  d iv i s ions ;  t is the t ime  f rom the in i t i a l  ins tan t  
of contac t  be tween  the so lu t ion  and the solvent .  
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