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The kinetics of the emulsion-breaking process are governed by three different particle loss 
mechanisms: Brownian flocculation, sedimentation flocculation, and creaming. Various particle loss 
mechanisms have been delineated and the relative importance of Brownian flocculation and sedi- 
mentation flocculation compared. A general map presenting regimes of dominant particle loss 
mechanisms has been developed from which one can determine the dominant particle loss mecha- 
nism for a given particle size and density difference. In addition, the relative importance offloccula- 
tion and creaming has been delineated for a monodispersed system. The effects of particle size, 
surface potential, concentration, density difference, temperature, and ionic strength on the relative 
importance of ftocculation and creaming have been analyzed. 

1. INTRODUCTION 

An emulsion is a thermodynamically un- 
stable system and possesses a natural tend- 
ency to break. By dispersing one phase into 
the other, the interface between them is 
greatly increased, as is the free energy of the 
interface which is proportional to the inter- 
face area. The emulsion, therefore, possesses 
a natural tendency to separate into two 
phases. 

The kinetics of the emulsion-breaking 
process are governed by three different par- 
ticle loss mechanisms: Brownian floccula- 
tion, sedimentation ftocculation, and cream- 
ing. Particles under Brownian motion col- 
lide and then coalesce to form larger 
particles. At the same time, particles are 
creaming out due to the difference in the 
densities of the particles and continuous me- 
dium. Sedimentation flocculation is due to 
differential creaming rates of particles of dif- 
ferent sizes. The larger particles cream out 
at a faster rate than the smaller ones; there- 
fore, larger particles collide with slower- 
moving smaller particles as they cream out. 

In most common emulsions, all the par- 
ticle loss processes take place simultane- 
ously. A general dynamic equation (GDE) 
which includes all three processes was de- 
rived and solved numerically (1). While the 
numerical solution to the GDE does ac- 
curately predict changes in the particle size 
and size distribution, it does not delineate 
the various particle loss processes. It can 
be explained qualitatively that flocculation 
will be significant for smaller particles and 
creaming will be significant for larger par- 
ticles. However,  it is important to develop 
quantitative relationships to predict the state 
of an emulsion, i.e., whether emulsion par- 
ticles are creaming or flocculating, and if 
both are occurring, which is predominant. 
In addition, the importance of flocculation 
resulting from sedimentation will be de- 
termined. The object here is to develop maps 
with domains representing the relative im- 
portance of the various particle loss proc- 
esses as a function of key emulsion properties. 

2. BROWNIAN FLOCCULATION VS 
SEDIMENTATION FLOCCULATION 

Present address: General Motors Research Labora- 
tories, Fuels and Lubricants Department, Warren, 
Mich. 48090. 

For a given emulsion, the Brownian col- 
lision frequency function, B~j, and sedimen- 
tation collision frequency function, G~j, be- 
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106 R E D D Y  A N D  F O G L E R  

tween particles of radius a~ and at are given 
by the expressions (1-3) 

B i t -  --31xW~j2kT (~_~+ ~-j)(ai + at), [1] 

87rApg 
- -  a 2 Gij - -  (a~ - a~)(ai + 5) , [2] 

9/zWis 

where 

k =  
T =  
/ x =  

W i j  = 

A p =  

the Boltzmann constant,  
temperature,  
viscosity, 
the electrostatic stability factor, 
the density difference between dis- 
persed phase and continuous phase, 
and 
the gravitational constant. 

underlying assumptions in arriving 

g 

The 
at the equation for the sedimentation col- 
lision frequency are that the particle paths 
are straight vertical lines, the collision ef- 
ficiency is unity,  and the stability factor is 
identical to that of the Brownian collision 
frequency. In a related study where the par- 
ticle size distribution was monitored as a 
function of time and position, a comparison 
of theory and experiment shows these 
assumptions are reasonable (1). 

For  a given emulsion particle concentra- 
tion, the rate of collisions between the ith 
class and the j t h  class due to Brownian 
motion and gravitational motion are propor- 
tional to B~j and G~ t, respectively. There- 
fore, the ratio of Brownian fiocculation to 
sedimentation flocculation is given by 

G~j _ 4rrApg a~aj(a~ - a~). [3] 
Bij 3 k T  

Let aJa t  = R~j. Then, 

Gij 4zrApg 
- -  - - -  a4Rij(1 - R~) .  [4] 
Bit 3 k T  

One observes that this ratio goes through 
a maximum between R~j = 0 and Ri~ = 1. 
Differentiating to find the maximum, 

d( G~jlBij) _ 4¢rApg 
- -  a4(1 - 3R~j) = O. [5] 

dRij  3 k T  

Solving for Rij, 

R~j = a~laj = 1/31/2 = 0.577. 

In other words, if the particle size distribu- 
tion were bimodal with the particles of one 
size being approximately one-half the size 
of the particles of other size, the ratio of 
sedimentation flocculation to Brownian 
flocculation is a maximum. 

The ratio Go/B~j passes through 0 and 1 
for a given a and has a maximum value at 
R~ = 1/31/2. The value of the ratio at the 
maximum is 

(G i j )  - ( 1 / 3 ) ' / 2 ( 1 -  1/3) 
47rApga 4 

B~j .max 3kT  

87rApg 
- a 4. [6]  

9(3)1/2kT 

We can now determine the particle radii, 
hi, for which the rate of sedimentation floc- 
culation will equal the rate of Brownian floc- 
culation: 

(Gi j )  = 1 - h  4 [7] 8 ,rr A p g 

Bij -max 9(3) l/2kT 
o r  

and 

(. 9(3)l/ZkT ) 1/4. 

(&i) = \ 8¢rApg 

For water in paraffin oil, hexatriacontane 
(Cz6HrO, in water emulsion at 80°C, 

9(3)l/ekT ] 114 
fii = ~ ) 

9(3) a/2 × 1.3805 × 10 -a6 × 353 )1/4 
] 8~- × 0.22 x 980 

fi~ = 1.0881 × 10 -4 cm, 

h~ - 1 / z m .  

The rate of Brownian flocculation between 
particles with radii 1 and 0.58 /zm is equal 
to the rate of sedimentation flocculation be- 
tween the same particles. 

For  a paraffin oil-in-water emulsion, the 
ratio (G#Bi j )  is plotted as a function of Rit 
for various values of Di as a parameter in 
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Fig. 1. All curves pass through 0 and 1. The 
maximum always occurs at R# = (1/3) 1/2. 

From these plots, one can estimate the 
relative importance of Brownian flocculation 
and sedimentation flocculation. For ex- 
ample, if the emulsion particles are about 
1/zm in diameter, the Brownian flocculation 
can be about 15 times greater than the sedi- 
mentation flocculation. If the particles are 
about 4/zm in diameter, the sedimentation 
flocculation can be 10 times greater than the 
Brownian flocculation. For particles of about 
2/zm in diameter interacting with particles 
I/zm in diameter, the Brownian flocculation 
and sedimentation flocculation will be about 
the same. Plots of this type provide very 
useful qualitative information on the stabil- 
ity of an emulsion. Similar plots can be 
drawn for different values of Ap and T. 

3. FLOCCULATION VS CREAMING 

Emulsion particles of a particular size dis- 
appear by any of three processes: Brownian 
flocculation, sedimentation flocculation, and 
creaming. Brownian flocculation is due to 
random thermal motion of particles, cream- 
ing is due to gravitational force on the par- 
ticles, and sedimentation flocculation is due 
to differential creaming velocities of different 
size particles. All the loss processes are due 
to thermal and gravitational forces. If gravi- 
tational forces are negligible, the particles 
will disappear only by Brownian floccula- 
tion. Generally, if the particles are very 
small or if the density of the particles is 
nearly equal to the density of the medium, the 
gravitational forces are negligible. Thermal 
forces will be negligible on larger particles. 

Regimes on these various limiting cases 
can be delineated quantitatively by manipu- 
lating the equations for creaming velocity 
and Brownian and gravitational collision 
frequency functions. Creaming or settling 
velocity, U, of a particle of radius a is given 
by the equation 

U ~ -  2af]z~p]g , [81 
9/x 

5.0 ~ 

1.0 \ 

G~--L \ 
Bi} 

\ 
Id' \ 

0 Q2 04 06 08 1.0 
Dj/Di 

FIG. l .  The importance o f  sedimentation f locculation 
and Brownian flocculation. 

where 

Ap = the difference between the density of 
particles and medium, 

g = the gravitational constant, and 
tz = the viscosity of the continuous 

medium. 

For a given fluid, the creaming velocity 
is a strong function of particle size. For very 
small particles, the creaming velocity will 
be negligible compared to the thermal 
motion. A generally accepted rule (3) is that 
the gravitational forces on the particle can 
be neglected for creaming velocities of 1 
mm/day or less. 

U~ - 2a~lAp]g < l mm/day [9] 
9~ 

or  

ac < (9/~ × 1-16 × 10-6) 
21Aplg  , [10] 

where 

/z = poise, 
Ap = g/cm 3, and 

g = 980 cm/sec 2. 
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FIG. 2. Regimes of dominant  part icle loss mecha- 
n isms plotted as a vs g A p .  

If particles are smaller than ac, they dis- 
appear only by Brownian flocculation. If 
they are larger than ac, they could disappear 
by any of the three particle loss mechanisms. 

From Eq. [6], 

(G~j) ,2- 87rAog a~. [6] 
Bu /~ j=(~/3) / 9(3)lJ~kT 

Brownian flocculation will be negligible for 
large values of G~j/B~ and sedimentation 
flocculation will be negligible for small values 
of G~flB~. Therefore, Eq. [6] can be used to 
define quantitatively the regions where only 
one of the mechanisms will be predominant. 
Let us define Brownian flocculation as pre- 
dominant if the ratio is less than 0.1 and 
sedimentation flocculation as predominant if 
it is greater than 10. 

8"rr A pg 
a 4 --< 0.1 (Brownian [11] 

9(3)112kT flocculation), 

87rApg 
a~ - 10 

9(3)1/2kT 
(sedimentation [12] 
flocculation). 

The key parameters in Eqs. [10], [111, and 
[12] are particle radius a~ and density dif- 
ference Ap. Therefore, a and Ap can be used 
to map the various domains for the particle 
loss mechanisms. 

In a more general way, plots ofa  vs gzXo 
were prepared by using Eqs. [10], [11], and 
[12]. The domains are shown in Fig. 2. Equa- 
tion [ 10] was used to obtain the upper bound- 
ary of region I, and Eqs. [11] and [12] were 
used to obtain the lower boundary and the 
upper boundary of region III, respectively. 
The figure can be used for any system pro- 
vided that the temperature and viscosity of 
the continuous medium correspond to the 
values shown in the figure. It can also be 
used for centrifugal settling instead of gravi- 
tational settling. For centrifugal settling, g 
is to be replaced by w2X, where w is the 
rate of rotation and X is the distance from 
the center. 

Various regions in Fig. 2 represent the 
possible dominant particle loss process. For 
example, in region I creaming and sedimen- 
tation will be negligible and particles may 
disappear only by Brownian flocculation. 
Brownian flocculation in region I will depend 
on the surface potential of the particles. 
If the particles carry a large surface poten- 
tial, even the Brownian flocculation will be 
negligible. Brownian flocculation will also 
be negligible if the emulsion is very dilute. 
If a particular emulsion falls in region I, one 
can neglect creaming and sedimentation 
flocculation terms in the general dynamic 
equation. 

If an emulsion's properties are in region 
II, sedimentation flocculation will be negligi- 
ble when compared to Brownian floccula- 
tion, Creaming is bound to occur and the 
rate of Brownian flocculation will depend 
on surface potential and concentration of 
particles. Similarly, in region IV Brownian 
flocculation will be negligible. Creaming is 
bound to occur and the rate of sedimenta- 
tion flocculation depends on surface poten- 
tial, particle concentration, and polydisper- 
sity of the emulsion. 
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Figure 2 is useful in determining the state 
of an emulsion, i.e., whether the emulsion 
particles are creaming or flocculating. If they 
are flocculating, what type of flocculation 
is occurring? One can then solve the per- 
taining general dynamic equation to predict 
the behavior of the emulsion. In the case 
of a polydispersed system, the plot tells the 
type of mechanism acting on a particular 
size particle. 

4. E F F E C T  O F  P H Y S I C A L  A N D  E L E C T R O S T A T I C  

P R O P E R T I E S  O N  R E L A T I V E  R A T E S  O F  

F L O C C U L A T I O N  A N D  C R E A M I N G  

In general, a high surface potential keeps 
the particles stable against flocculation while 
a small particle size and negligible density 
difference between particles and continuous 
medium keep the particles stable against 
creaming. The relative importance of the 
two processes has not been extensively de- 
lineated for given physical and electrostatic 
properties of the emulsion. From previous 
sections, one can determine which one of 
the processes will be negligible for a given 
particle size and density difference. In this 
section, the relative importance of the proc- 
esses for a given particle size, density dif- 
ference, ionic strength, surface potential, 
and particle concentration will be discussed. 
The information is derived analytically by 
assuming a monodispersed or very nearly 
monodispersed system. 

For a monodispersed system the general 
dynamic equation reduces to 

ON ON 
- U - B N  z, 

Ot Oy 
where 

[13] 

N = the concentration of monodispersed 
particles, 

U = the creaming velocity, 
B = the Brownian collision frequency func- 

tion, 
y = the distance in the direction of 

gravity, and 
t = time. 

The creaming term can be further approxi- 
mated (2) as 

ON N 
- -  - , [141 
Oy h 

where h is the height of the column. This 
approximation is reasoned as follows: the 
product of the particle concentration and 
creaming velocity, N U ,  gives the rate of 
the total number of particles creaming from 
the system per unit area, and U N/h  is the 
rate of loss of particles per unit volume by 
creaming. The general equation reduces to 

d N _ U N _ BN2. [15] 
dt h 

The ratio of the rate of flocculation, R~, 
to the rate of creaming, Re, is given by 

R -  Rf _ B N ~  [16] 
Re U(N/h)  

The expressions for B and U are 

4 kT 
B - , [17] 

3 /xW 

2gaZAp 
U - - -  [181 

9/z 

Substituting [17] and [18] into [16], 

6kT(h~p~p) 
R = ~ . [19] 

a Z W  

An approximate and useful relationship 
for the stability factor, W, for the case when 
the potential energy of interaction is at least 
five times greater than the thermal energy, 
kT, is given by (4, 5) 

27r 1/z exp(Vrmax/kT) 
W = [20] 

(b /ma  x q- 2)z(-V~max/2kT) 1/2 ' 

where 
V~rna x Aa3K 3 

- -  - - -  [ 2 1 ]  

2kT 24kT 
and 

VTma x _ a , [ e ~  In (1 + e- ')  
2 [ 

A r 10-  II [22] 
6K-~ \10 -5 + l i : . ]16K- ' /3  
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I0.0 

,: 1/\\ 
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FLOCCULATION 
,01 I I I , I 10 20 50 40 
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FIG. 3. Regimes of dominant particle loss mechanism 
plotted as a vs qJo and Nh/gAp as parameter. 

and when the particle radius is greater than 
the double-layer thickness, (Umax + 2) = 2. 

With these approximations Eq. [20] re- 
duces to 

Ir I'2 [( 24kT /] 1'2 
W =  

2 L \ ~ ) J  

x exp (e't'g In (1 + e -~) 

A ( 10 ̀5 11 
10 -5 + i - i [ i l 6 K - ' / J  ' [231 

where 
K = ( 24kT ) 'lz 

4zre 2 ~ niz~ ' 

where 

k = the Boltzmann constant ,  
K = the reciprocal of the double-layer 

thickness, 
T = temperature,  
a = the particle radius, 

Hma x = the shortest interparticle distance 
when VT is maximum, 

Umax = Hmax/a, 
e = the dielectric constant, 

~0 = the surface potential, 
A = the Hamaker constant, 
e = the electronic charge, 

ni = the concentration of ions, i, per 
cubic centimeter, and 

zi = the valence of ions, i. 

Substituting Eq. [23] into [19], 

R = 6kT( hN ]{ 6~rkTa t -1'~ 
\ Apg ]\ AK 3 ] 

x exp ( - 2@T [0.3133e~ ~ 

_ A K (  10 -5 )]) . [24] 
10 -~ + I I . l I 6 K  -1 

This equation can best be solved for ~0: 

= ( I [ A K (  10-' ) 

% \ ~ L - - g - ~ 1 0  -5 + l l . l l 6K- '  

2kT [6kT( hN I + • x l n  
a k \ ApgR ] 

x (6~kra/-,,~llt,,~ \ AK a ] ]3] . [251 

Equation [25] can be used to develop the 
domains of the importance of various par- 
ticle loss mechanisms. By equating the rate 
offlocculation to the rate of creaming, R = 1, 
one can determine the relationship between 
@ and the particle radius for all other given 
properties. In Fig. 3 the surface potential is 
plotted as a function of the particle radius 
for a given ionic strength and temperature 
for various values of the parameter hN/Apg. 
IfhN/gAp and the particle radius are known, 
one can determine from Fig. 3 whether the 
creaming is important and the value of qJ 
necessary to keep the particles stable against 
flocculation. 

If  one knows all the properties of the 
emulsion, it is possible to determine the ratio 
of the rate of flocculation to the rate of cream- 
ing, R. This can be achieved by treating the 
quantity (Nh/gAp) in Fig. 3 as (Nh/gApR). 
If  the particle radius, a, surface potential, 

Journal of Colloid and Interface Science, Vol. 79, No. 1, January 1981 



E M U L S I O N  STABILITY 1 1 1 

@, particle concentration, and density dif- 
ference are known, one can find the ratio of 
the rate of flocculation to the rate of cream- 
ing, R. For example, for @ = 20 mV and a 
= 0.5/xm one finds from Fig. 3 

Nh 
_ _ -  1017. 
gApR 

For particle concentration of 1013 particles/ 
cm 3, height of 9.8 cm, and a Ap of 0.1 g/cm% 
the 

Nh 
-- 1012 

gap 

orR = 10 -5. For this particular system, the 
rate of creaming will be l0 s times greater 
than the rate offlocculation. From Fig. 3 one 
also observes, for a particle radius of 0.325 
/xm instead of 0.5/xm, the rate of creaming 
and flocculation will be equal. For the same 
system, the rate of flocculation will be equal 
to the rate of creaming if the surface poten- 
tial is 16 mV instead of 20 inV. In other 
words, if the system falls below the line cor- 
responding to its Nh/gAp, the particles will 
be mostly flocculating; above the line they 
will be mostly creaming. For this system, if 
the particle radius is less than 0,4/xm and 
@ is less than 15 mV, virtually all the loss of 
particles from the emulsion will result from 
flocculation. If the particle radius is greater 
than 0.6 gm and q, is greater than 23 mV, 
particles will be lost by creaming. If the par- 
ticle radius and surface potential are in be- 
tween these ranges, particles will be lost by 
simultaneous flocculation and creaming. 
Figure 3 with various domains is very useful 
in determining the state of an emulsion and 
the effect of various parameters on the 
stability of emulsions. 

The effect of electrolyte concentration is 
shown in Fig. 4, where surface potential is 
plotted as a function of particle radius for a 
given Nh/g Ap and temperature. From this 
figure, one can also determine the electro- 
lyte concentration at which flocculation and 
creaming become equal, or for a given con- 
centration of electrolyte, the dominating 

I0.0 

1.0 

o ( ~ )  

0.1 

12 3 4 Ce 
( cj mole 2-2 elec./ l i t)  

I l l (  , 

FLOCCULATION 

Nh g-~E-~ -=  107 ( por | i c les /gm,  sec "2 ) 

T = 3 5 3 " K  

0.01 I I l 
I 0  2 0  3 0  

(my)  

FIG. 4. Regimes of dominant particle loss mechanism 
plotted as a vs % and Ce as parameter.  

particle loss mechanism. For example, if Ce 
= 10 -2 gmole/liter, the particle radius is 
greater than 0.5 ~m, and @ is greater than 
15 mV, the particles will be mostly creaming; 
for the same electrolyte concentration, if 
the particle radius is less than 0.4 /~m and 
@ is less than 10 mV, they will be mostly 
flocculating and in between these values par- 
ticles will be lost by flocculation and cream- 
ing simultaneously. 

The effect of temperature is shown in Fig. 
5. For most practical oil/water emulsions 
the increase in temperature increases the rate 
offlocculation and the rate of creaming with- 
out much change in the ratio of these rates. 
However, large increases in temperature 
(feasible in colloid sols or special emulsions 
under pressure) will increase the ratio of the 
rate of flocculation to the rate of creaming, 
as seen in Fig. 5. 

In the case of unstable emulsions such as 
water-in-oil emulsions without any stabilizer, 
the stabilityfactor, W, can be equated to 
unity. Equation [19] reduces to 
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t 0 , 0  

t.0 

o(p.) 

O.i 

0.01 

Nh = t0  7 p o r t i c l e s / g m , c m .  z qAp 
Ce = IO'Zg mole 2- 2 electllil 

C R E A M I N G  

F L O C C U L A T I O N  

I I I I I l 
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FIG. 5. Regimes of dominant particle loss mecha- 
nism plotted as a vs % and T as parameter. 

6kT ( hN t 
R = a 2 \~-~pj  . [26] 

Equat ion [26] can be written in terms of  
the volume fraction of  the dispersed 
phase,  qS: 

9kT 1 (  hch t 
R - 2 ~  aS \gAp/  " [27] 

Solving Eq. [27] for the particle radius, a,  

a = [9kT(  hdp ]]1/5 
/ - - ~  \ R-- -~p ]] " [28] 

Equation [28] was used to map the domains 
of  the dominant  particle loss mechanism for 
water-in-oil emulsions, as shown in Fig. 6. 
The ratio of  the rate of  flocculation to the 
rate of  creaming can be determined in the 
same manner  as explained for Fig. 3. In the 
case of  water-in-oil emulsions, flocculation 
is dominant  unless the particles are very 
large or the concentration is very low in 
which case creaming becomes dominant.  

The total rate of  loss of  particles due to 
flocculation and creaming can be determined 

from Figs. 3 to 6. One can determine the 
ratio of rates, R, from Figs. 3 to 6 for given 
properties of the emulsion. The rate of cream- 
ing can easily be calculated from 

2ga2Ap N 
R c - - -  [29] 

9/~ h 

Knowing the rate of  creaming, Re, and the 
ratio of the rate of flocculation to the rate of 
creaming, R, and the total rate of  loss of 
particles from the unit volume, one can com- 
pute the rate of flocculation. For example, 
consider the emulsion with the properties 
shown in Fig. 3 and a = 0.5/xm, ~b --- 20 mV, 
h = 10 cm, Ap = 0.2 g/cm z, /x = 0.37 cP, 
andNh/gAp = 1017. From Fig. 3 ,R = 1 and 
R c is given by 

2 x 980 x (0.5 × 10-4) 2 x 2 1.96 x 1019 
R e = 

9 x 0.37 x 10 -2 10 

= 5.768 x 1013 particles/cm 3.sec. 

Therefore, the loss of monodispersed par- 
ticles per unit volume per unit time due to 
flocculation and creaming is 1.1436 × 1014. 
Since the emulsion under consideration is 
monodispersed, the loss of particles by floc- 
culation will result in a gain of particles of 
larger size. 

I0C 

~- T = 2 9 8 " K  
W: t .0  

Creoming 

O (/J.) I 0 ~  ~'Ocm 

Fl~:culotion 

1.0 i I I I l i l l l  I I I i l I l l l  
10 1 0 0  1 0 0 0  

FIG. 6. Regimes of dominant particle loss mecha- 
nism plotted as a vs gap and h4o/R as parameter for 
water-in-oil emulsions. 
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The maps of various types with regimes 
presenting the dominant particle loss mech- 
anisms are very useful in predicting the semi- 
quantitative information about the stability 
of emulsions. The maps can also be used for 
preparing the emulsions of desired stability. 
However, for accurate information on the 
stability of emulsions, one needs to solve 
the general dynamic equation (1). 

5. SUMMARY 

The relative importance of Brownian floc- 
culation and sedimentation flocculation was 
delineated. If the density difference between 
the particles and the continuous medium is 
about 0.22 g/cm ~, Brownian flocculation is 
significant for particles of diameter smaller 
than 1 /xm and sedimentation flocculation 
for particles larger than 2 ~m. 

A general map for any emulsion, depicting 
the regimes of dominant particle loss mech- 
anism, was developed. From this map one 
can determine the qualitative information 

about the stability of an emulsion for a given 
particle size and density difference. 

The relative importance of Brownian floc- 
culation and creaming was investigated. 
General maps were prepared showing the 
effect of various physical and electrochemi- 
cal properties on the relative rates of floc- 
culation and creaming. It is possible to ob- 
tain useful information on the stability of an 
emulsion before proceeding to complicated 
mathematical computations. 
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