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Separation of Fine Particles from Nonaqueous Media: 
Free Energy Analysis and Oil Loss Estimation 

V. B. MENON,* R. NAGARAIAN. and D. T. WASAN 
DEPARTMENT OF CHEMICAL ENGINEERING 
ILLINOIS INSTITUTE OF TECHNOLOGY 
CHICAGO, ILLINOIS 60616 

Abstract 

In industrial processes for the separation of fine particles from oil to produce 
clean liquid fuels. a significant portion of oil is entrained by the solids and is lost. 
A semi-empirical model is proposed to explain the mechanism of oil loss and floc 
carryunder. The favorability of the transfer of fine particles from oil to water was 
determined by conducting a free energy analysis of the process. The ratio of the 
water drop to particle radius (size ratio) and the contact angle were found to be 
important parameters affecting the free energy change. The oil loss was found to 
increase with an increase in size ratio. To verify the model. experiments to 
determine oil loss in a practical system were conducted for two different 
surfactants. The model was found to fit experimental data for oil loss very well. 
The results show that by choosing a suitable surfactant and demulsifier, it is 
possible to decrease the oil loss considerably. Hence, the proposed model is 
useful for evaluating the efficiency of the separation process. 

INTRODUCTION 

During the production of petroleum and synthetic liquid fuels from 
shale, coal, and tar sands, fine mineral particles get dispersed in the oil. 
This necessitates the cleaning of the oil prior to further processing. Fine 
particles contribute to fouling, coking, erosion, foaming, and other 
problems in downstream processing units. Conventional means of 

*Current address: Research Triangle Institute, P.O. Box 12194, Research Triangle Park, 
North Carolina 27709. 
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2296 MENON, NAGARAJAN, AND WASAN 

particle removal such as filtration, centrifugation, and sedimentation are 
not economical owing to the large volumes of oil that have to be treated. 
One method that is frequently used in such industries is known as 
"dedusting." Figure 1 is a schematic of such a process ( I ) .  The removal of 
particles is accomplished by dispersing water into the oil in the presence 
of surfactants, forming a solids-stabilized water-in-oil emulsion. The 
emulsion, with particles arranged on the drop surfaces, has to be 
demulsified in a settler before clean oil can be recovered. The solids- 
stabilized emulsions which result from a dedusting operation are, 
however, very stable and their coalescence involves considerable expense. 
The emulsions form a sludge layer in the settler, resulting in oil loss due 
to entrainment. This oil loss can be as high as 5-6 g oil/g solids. A model 
for estimating oil loss for a given surfactant-demulsifier mixture can be 
very useful in evaluating the performance of various chemicals in 
demulsification operations. A part of the sludge layer often decomposes 
into flocs which break through the bulk oil/water ( O W )  interface and 
settle to the bottom of the settler. This phenomena of floc carryunder is 
favorable because it decreases the volume of sludge that has to be treated 
and disposed. 

This paper reports the results of our investigation of the thermo- 
dynamic analysis of particle transfer 
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FIG. 1.  Schematic of the dedusting process for separation of particles from oil [from Kaye 
and Fiocco ( I ) ] .  
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SEPARATION OF FINE PARTICLES FROM NONAQUEOUS MEDIA 2297 

phenomenon of oil loss and floc carryunder. The thermodynamic free 
energy analysis is aimed at determining the role of different variables in 
determining the ease of emulsion formation and its subsequent stability. 
The oil loss model enables the determination of the extent of oil 
entrainment for a particular surfactant/demulsifier mixture provided that 
the oil/water interfacial tension and the three-phase contact angle are 
known. Since interfacial tension and contact angle are fundamental 
properties that can be easily measured, this model is suitable for 
comparing the oil losses that can be expected with different surfactants 
and demulsifiers. 

EXPERIMENTAL 

The solid phase consisted of shale dust particles supplied by Exxon 
Research and Engineering Company (ER&E Co.). The particles had an 
average diameter of 4 pm. The oil phase was a 1:l volume mixture of 
heptane and toluene which we shall henceforth call “heptol.” The 
surfactants studied were Aerosol-OT, obtained from American Cyana- 
mid Co., and Pluronic P-103, supplied by ER&E Co. The demulsifier 
blend of Breaxit-126 (BR-126) and Corexit-420 (CR-420) were supplied by 
ER&E Co. BR-126 is a mixture of oxyalkylated phenolic resins in glycol 
ether and aromatic solvents. CR-420 is a blend of ester surfactant and 
aryl sulfonic acid in mixed aromatic solvents. 

Two sets of experiments, each with a different surfactant, were 
conducted. The procedure for all the experiments was identical and is 
outlined. The oil phase was prepared by mixing 5 g of spent shale dust 
with 73 g heptol. A known weight of the surfactant was added to this 
dispersion. Double distilled water (25 mL) was added to the oil phase 
along with 0.02 g of the demulsifier, Breaxit-126. The mixture was stirred 
at a fixed speed for 30 min using a magnetic stirrer. The agitation 
produced a solids-stabilized emulsion. In all the experiments, the stirrer 
geometry, the speed of agitation, the temperature, and the volume 
fraction of water and solid were kept the same. The only variable that was 
changed systematically was the surfactant concentration. Once the 
emulsion was prepared, it was transferred to a separatory funnel and 
allowed to settle for 24 h. After this period the emulsion separated into a 
clear upper oil phase and a blackish lower phase containing the solids. 
Owing to the dark color of the solids, it was not possible to discern the 
existence of a sludge layer. The presence of solids in the bottom water 
phase clearly indicates that part of the sludge layer must have formed 
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2298 MENON, NAGARAJAN, AND WASAN 

flocs which broke through the O/W interface and settled into the 
separated water phase. 

About 45 cm3 of the solids-rich water from the bottom of the separatory 
funnel was withdrawn and centrifuged at 1500 rpm for 15 min. The 
volumes of the gel (bottom), water (middle), and oil (top) phases in the 
tube were accurately recorded. After decanting the oil and water from the 
centrifuge tubes, the remaining gel was weighed. The water content of the 
gel was then determined by distillation as specified by ASTM Standard 
Test Method D95. In this method the gel, along with 30 cm3 of toluene, 
was heated under reflux in a flask. Toluene and water codistilled, and was 
condensed and collected in a Dean Stark trap, with the water settling in 
the graduated section of the trap and the toluene returning to the flask. 
After distilling for 3 h, the volume of water in the trap was recorded. The 
solids were removed from the flask, dried, and weighed. From a material 
balance it was then possible to determine the amounts of solids, oil, and 
water in the gel. The oil loss was expressed as the weight of oil lost per 
unit weight of solids. The detailed procedure for determining oil loss has 
been described elsewhere (2). 

Prior to the oil loss determination, samples of the clear oil, water, and 
solids were extracted from the separatory funnel and used to determine 
the interfacial tension and the contact angle for the different concentra- 
tions of the surfactant that were studied. The interfacial tension was 
measured using a spinning drop tensiometer. The contact angle was 
measured by the goniometric method, using a flat disk of the particles 
prepared at 35,000 lb in a potassium bromide die. 

Two surfactants, Aerosol-OT and Pluronic P-103, were used to evaluate 
the validity of the oil loss model. The first surfactant was used to estimate 
the parameters of the oil loss equation and the second surfactant was 
used to verify the applicability of the equation for different surfactants. 

FREE ENERGY ANALYSIS 

The transfer of a single particle from oil to the interior of a water 
droplet is one example where the transfer can be viewed simply from a 
thermodynamic viewpoint in which only the initial and final energy 
states are considered. Such an analysis was conducted by Jacques et al. 
(3) for the transport of a single spherical particle into a water droplet 
while both are suspended in oil. Their analysis revealed that only 
hydrophilic particles, i.e., only particles with a contact angle less than 90°, 
could exist within the water droplet. Also, the ratio of the size of the water 
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SEPARATION OF FINE PARTICLES FROM NONAQUEOUS MEDIA 2299 

drop to that of the particle was found to be important in determining the 
ease of the transfer process. 

in  real systems the particles collect at the interface between the water 
drop and the continuous oil phase (Fig. 2). Rapachietta and Neumann (4) 
analyzed the free energy change when a solid sphere finds its equilibrium 
position at an infinitely flat O/W interface. A free body force analysis has 
also been conducted by a number of investigators to find the equilibrium 
position of a solid sphere at a planar interface. From such a force balance 
the critical size of the particle beyond which equilibrium at the interface 
is impossible has been derived (4,5).  The aforementioned analyses have 
been restricted to a single particle-planar interface system. Actual 
systems involve a large ensemble of particles collected at curved drop- 
liquid interfaces. It was therefore found relevant to conduct a free-energy 
analysis of the process of particle transfer from oil to a water drop 
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FIG. 2. Schematic of the mechanism of particle transfer from oil to a water drop. 
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2300 MENON, NAGARAJAN, AND WASAN 

incorporating the effects of many particles as well as curvature of the 
interface. 

Figure 2 depicts the mechanism of particle transfer from oil to a water 
drop. “I” refers to the initial state and “11” refers to the final state. It is 
desired to find the conditions and relevant parameters which favor State 
I1 over State 1. The schematic shown in this figure is the most prevalent 
mode of particle transfer that has been experimentally observed and 
results in the formation of solids-stabilized emulsions. 

R ,  is the radius of the water drop and Rp is the particle radius. 
Neglecting the effects of gravity, the free energy of State I can be written 
as 

where N, is the number of particles available to a water drop and yo, and 
y, are the oil/water and solid/oil interfacial tensions, respectively. 

The free energy of State I1 is 

F, ,  = ( 4 n R i  - N,,nRi sin2 p)yow + N,2nRi( 1 - cos p)ySw 

where R ,  is the new radius of the water drop when the particles are 
present at the interface, and p is the angular position of the particles on 
the water drop (see Fig. 2). 

R ,  can be obtained from a volume balance: 

4 4 
3 3 
- n R i  = - nRi + N, (1  - cos p)’(2 + cos 0) 

or 

( 4 )  NP R i  = R i  + -R;(1 - cos p)’(2 + cos p) 4 

The free energy change from State I to State I1 is the difference between 
Eqs. ( 1 )  and (2): 

F,, - F, = ( 4 n R i  - 4nRi - NpnRZ sin’ P)yow 
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SEPARATION OF FINE PARTICLES FROM NONAQUEOUS MEDIA 2301 

The interfacial tensions are related to each other by Young's equation, 
which can be written as: 

where 8 is the three-phase contact angle measured through the water 
phase (0 is 0" for a completely hydrophilic solid and 180" for a 
completely hydrophobic solid). 

The free energy change per unit surface area of the particle per unit 
O/W interfacial tension is 

The ratio of the drop radius to the particle radius can be termed n. 
Hence, 

n = RwIR, 

Therefore, 

NP - c o s ~ ) ~ ( ~ + c o s ~ )  -n*--s in*p 
4 

From the above equation it is evident that the free energy change, AF, is a 
function of the drop to particle size ratio (n), the number of particles per 
drop (NJ, the contact angle (e), and the position parameter (p). If the 
water drop is completely covered with particles in an ordered hexagonal- 
close packed arrangement, then this represents the maximum number of 
particles that can exist on the drop surface. This number (Nphex) can be 
related to the other parameters by 

2n R ,  + R,cos p 2 1 (9) 
%her - z( RP 

- 

This equation must be simultaneously solved with Eq. (4) to obtain Nph, 
as a function of n and p. A Newton-Raphson numerical scheme was used 
to solve for Nph,. 
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2302 MENON. NAGARAJAN, AND WASAN 

For State I1 to be favored over State I, AF must be negative. AF was 
therefore evaluated for various values of n, Np, 8, and p, in order to 
ascertain the influence of these parameters on the stability. 

Figure 3 shows the variation of AF with the three-phase contact angle 
for p = 150" and different values of n. Hexagonal packing of particles on 
the drop surface was assumed. Note that the two ordinates of Fig. 3 have 
different scales. This figure reveals that the stability of State I1 decreases 
as 8 increases (i.e., as the particle becomes more hydrophobic) and 
beyond a contact angle of 90", AF becomes positive. The influence of n 
on the stability of State I1 over State I is cocsiderable. As n is varied from 
10 to 100, AF becomes more negative. The value of p chosen was 
arbitrary. However, in actuality, if the presence of the solid particle at the 
O W  interface does not deform the interface significantly, then 

This equation is generally true for large values of n. 
For the spent shale dust/water/heptol system, 8 is about 150". If Eq. (10) 

FIG. 3. Effect of contact angle on the free energy change for different n and p = 150". 
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is assumed to hold, then p z 30". Figure 4 shows the free energy change 
for two different values of n and p = 30". A contact angle of 150" does 
give a negative value of AF, implying that particle transfer is favored. 
However, since the A F is close to zero, the stability of State I1 over State I 
is not very large. Hence, some redispersion of the particles back into the 
bulk oil would seem to be inevitable. This may be prevented by 
improving the wetability (decreasing 6) and/or increasing the value of 
n. 

From Figs. 3 and 4 it is seen that there exists a critical value of the 
contact angle (eCJ at which AF is zero. Contact angles above 6,,, do not 
give a stable situation for a particular value of p and n. Figure 5 shows the 
influence of n on €Ic,.,,. At large values of n, 6,, is almost independent of n, 
but at low values of n, the critical contact angle decreases sharply. This is 
especially true for low values of p. The region below each curve represents 
the permissible values of 6 for any n. This figure once again emphasizes 
the importance of n in determining the stability of State I1 vis-a-vis State 
I. 

Figure 6 depicts the variation of AF with N,, the number of particles on 

I 1 

F'IG. 4. Effect of contact angle on the free energy change for different n and fi = 30". 
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AF= 0 

I80 

p =  30 
160 - 

p= 60 140 - 

p= 90 

p= 120 

8. 180 

I 
I 10 too 

n 
FIG. 5. Effect of n on the critical contact angle. 

the drop. p has been arbitrarily set at 30". For 8 up to 150", the increase of 
N, increases the stability of State 11, with a steeper increase for lower 
values of 8. For spent shale dust (p = 30" and 8 = 150") the increase in 
stability becomes significant only at N, values greater than 1000.0. Of 
course, the maximum value of N, that is permissible will be limited by 
Npna which is related to n. The system with p = 30" and 8 = 160" is 
unstable because 8 is greater than 8 , .  

The above analysis reveals that higher values of n and N, favor a more 
facile transfer of particles from oil to water. The system selection should 
also take into account the critical contact angle permissible for a given set 
of conditions. 
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'O t 

I I I I 
lo' l o 2  103 K)c 

NP 
FIG. 6. Influence of the number of particles on the free energy change. 

OIL LOSS ESTIMATION 

Since the distribution of particles at the O/W interface is thermo- 
dynamically favored, the transfer process results in the formation of 
solids-stabilized water-in-oil emulsions. In a commercial unit the particle 
transfer is usually achieved in a mixer while the separation of the solids- 
stabilized emulsion is accomplished in the coalescer (or settler or 
electrocoalescer). Figure I is a simple schematic of the process. While 
some breakage of the emulsion is achieved in the coalescer through the 
use of demulsifiers and electric fields, a great portion of the emulsion 
droplets just settle to the O/W interface in the coalescer and form a sludge 
layer. A typical coalescer has three zones: (i) a clear upper oil layer where 
the concentration of emulsion droplets is low, (ii) a sludge layer where the 
emulsion droplets are densely packed, and (iii) a clear water layer at the 
bottom. 

In an ideal coalescer unit, one desires complete coalescence of the 
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emulsions so that a clear upper oil phase and a clear lower water phase 
are obtained. The sludge layer is hence an undesirable third region which 
has to be removed to obtain clean oil. This is usually achieved by 
periodically skimming off the sludge layer by mechanical means. 
However, the sludge layer carries within it a significant amount of 
entrained oil, and discarding of the sludge layer involves the loss of this 
oil. The oil loss is usually expressed in weight of oil lost per mi t  weight of 
solids. Then large volumes of oil are to be treated, it becomes eco- 
nomically imperative to find the mechanism of oil loss and determine the 
variables that affect it. Subsequently, ways can be devised to reduce the 
oil loss. 

In this section, a model for oil loss is proposed. Experiments were 
conducted to measure the oil loss and the results were correlated with the 
model. 

Figure 7 depicts the sludge layer that is formed in the settler when 
uncoalesced emulsion droplets settle to the top of the separated water 
phase. Oil loss occurs due to the entrainment of oil in the voids between 
emulsion droplets in the sludge layer (V,, in Fig. 7) and in the interstices 
between particles on each water drop (V, in Fig. 7). 

Calculation of V,". The solids-stabilized water drops can be assumed to 
be arranged in a simple cubic packing arrangement in the sludge layer. 
This assumption was made since our objective was to determine 
the maximum possible oil loss. This is the hard sphere model 
approximation. 

Void volume in sludge = (1 - n /6 )  V (1 1) 

where V is the total volume in the sludge layer. 

Volume occupied by emulsion droplets = n/6 V (12) 

On each drop, the solids can be assumed to be in a hexagonal close- 
packed arrangement. This is the same assumption that was made in 
calculating the free energies in the previous section. Equation (9) then 
gives the number of particles per drop. 

V,, is defined as the ratio of the weight of oil in the voids of the sludge 
to the weight of solids in the sludge. 
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p, and p, are the densities of oil and solid, respectively, and R, is given 
by 

R ,  = R ,  + R,(1 + cos p) ( 1 4 )  

The water drop radius being much larger than the particle radius, the 
change in R,  is negligible and R ,  z R,. Thus, 

p, (n + cos p + V,, = 0.2508 - 
P, (n + COSP)* 

Calculation of V, V, is defined as the ratio of the weight of oil in the 
interstices to the weight of solids per drop: 

p, (4nl3R; - NpVsp - 4nI3R:) 
P P  (4n/3NpR;)  

v,, = - 

where Fp is the volume of each particle above the oillwater interface and 
can be written as 

jlR; v, = - [ 4  - ( 1  - cos P)2(2 + cos P)] 
3 

V, can be obtained from Eqs. (16) and (17). It turns out that V, is 
dependent only on the size ratio, n, and not on their absolute values. 
Also. 

In order to compute V,, we further need to assume that p z (180 - 8). 
In Fig. 8 the variation of V,, is shown with n for two different values of 
8. The oil loss increases with an increase in n. The influence of the contact 
angle on the oil loss is not significant since the plots shift very little with 
large changes in contact angle. Figure 8 also shows the importance of n 
on the oil loss. In an earlier section we found that the ease of particle 
transfer from oil to water increases with increasing n. Here we find that 
oil loss also increases with increasing n. Hence, the lower the oil loss, the 
more difficult the process of particle transfer. A judicious choice of n is 
therefore absolutely essential to reduce oil loss as well as have a 
reasonably favorable capture efficiency of particles by water droplets. 
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FIG. 8. Variation of oil loss with size ratio (n). 

The individual contributions of V,, and V, to the oil loss are shown in 
Table 1 for 0 = 150". The oil loss, V,, is less than 8% of the total oil 
lost. 

Since the oil loss expression is in terms of n, 8, and the density ratio of 
oil and water, one would need to know the size ratio for a particular 
system before oil loss could be calculated. In actual practice the 
determination of drop sizes is not easy since the emulsion is usually 
prepared in an agitated vessel. It is therefore of great use if n can be 
expressed in terms of known parameters such as the oil/water interfacial 
tension and the contact angle. The rest of this section is aimed at 
reducing the oil loss equation to an expression containing the O/W 
interfacial tension and the contact angle. 

In agitated vessels the drop size of the dispersion can be related to the 
agitator speed, volume fraction, interfacial tension, density difference, 
and impeller dimensions by semi-empirical equations. If, for a system, all 
variables excepting the interfacial tension are maintained constant, 
then 
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TABLE 1 
Comparison of the Contributions of V,, and V, to the Total Oil Loss at Various Size 

Ratios and 0 = 150" 

n V O S  VO" 50, 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

0.0978 
0.1284 
0.1402 
0.1465 
0.1504 
0.1529 
0.1549 
0.1563 
0.1575 
0.1584 

1.0634 
1.8045 
2.5524 
3.3021 
4.0525 
4.8032 
5.5542 
6.3053 
7.0565 
7.8078 

1.1612 
1.9329 
2.6926 
3.4486 
4.2029 
4.9561 
5.7091 
6.46 1 6 
7.2140 
7.9662 

Rw = f ( Y 0 w )  

The functionality commonly used is 

where K ,  and a are constants. Since R,, is usually fixed for a system, 

where K ,  is a new constant. It should be noted that the constant K 2  
contains within it the dependence of drop size on all the variables other 
than O/W interfacial tension. The substitution of this form of equation 
for n in the oil loss equation now enables one to estimate oil loss from a 
knowledge of the interfacial tension. The constants K ,  and a need to be 
determined from experimental data. The advantage of an equation of oil 
loss in terms of yo, and 8 is that various surfactants can be evaluated to 
find the one which gives the lowest oil loss. 

The final expression for oil loss in terms of yo,, 8, K2, and a is 

where it has been assumed that p = (180 - €I) and that the contribution of 
V, to the total oil loss is negligible. The above expression for oil loss 
assumes that particles are always in a hexagonally close-packed arrange- 
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SEPARATION OF FINE PARTICLES FROM NONAQUEOUS MEDIA 231 1 

ment on each drop surface. However, since a change in interfacial 
tension would involve a change in drop size and since the solids 
concentration has been treated to be invariant, it means that as the drop 
size changes there will be some solids concentrations where the number 
of particles is less or more than that required for hexagonal packing. Our 
experiments were conducted with a constant solids concentration which 
was always in excess of that required for hexagonal packing. The oil loss 
associated with particles in excess of hexagonal packing is negligible 
provided that they are not flocculated in the bulk oil phase. Our analysis 
does not take into account any flocculation that may occur in oil, and the 
oil loss associated with such a phenomenon has not been considered. It 
has also been assumed that the agitation vessel, speed of agitation, 
density difference, and volume fraction of the dispersed phase are all 
maintained constant. 

Experiments were conducted to check the model with experimental 
data and find the value of the two parameters K ,  and a. Since the model 
indicates a direct dependence on yoW and 8, the experiments involved the 
use of surfactants such as Aerosol-OT, Pluronic P-103, and Breaxit-126 
(demulsifier) with which yow and a could be changed systematically and 
oil loss estimated. 

Figure 9 shows the effect of the two surfactants on the interfacial 
tension. The abscissa depicts the initial concentration of surfactant that 
was added to the oil. The interfacial tensi,n was measured using the 
spinning drop tensiometer for the phases in equilibrium with each other. 
The interfacial tension decreases with increasing surfactant concentra- 
tion and attains its critical micelle concentration around 500 ppm. 
Similar behavior is exhibited by Pluronic P-103 but with larger values of 
the interfacial tension. Figure 10 shows the effect of surfactant on the 
equilibrium three-phase contact angle measured through the water 
phase. The contact angle does not appear to be affected by the presence of 
the surfactant. 

Figure 11 shows the variation of oil loss with increasing surfactant 
concentration. The data points are experimental measurements of the oil 
loss while the line represents the calculation of oil loss from the 
geometric model using the interfacial tension and contact angle values 
shown in Figs. 9 and 10. The two parameters K ,  and Q determined for 
Aerosol-OT were found to be 20.2 and 0.44, respectively. These two 
parameters will remain unchanged as long as all the variables other than 
interfacial tension and contact angle are fixed. This was indeed the case 
for Pluronic P-103 as the surfactant. Using the above values of K2 and a, 
and the interfacial tension and contact angle from the experiments (Figs. 
9 and lo), the oil loss was calculated as a function of surfactant 
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FIG. 9. Effect of surfactant on interfacial tension. 

concentration from Eq. (22) and is plotted in Fig. 11. It is evident that the 
geometric model is able to account very well for the oil loss behavior. 
Thus, such a model can be used to evaluate the efficiency of various 
surfactants in the dedusting process. 

Once the two parameters of the oil loss equation have been determined 
from experiments using a surfactant-demulsifier mixture, the equation 
appears to be able to predict oil losses for other surfactant-demulsifier 
mixtures, so long as other system variables are unchanged. 

FLOC FORMATION AND CARRYUNDER 

A portion of the sludge layer often falls through the bulk O/W interface. 
and settles to the bottom of the water phase in the form of flocs. While 
experimental measurements of oil loss indicate no decrease in oil loss 
due to floc formation, the advantage that floc formation offers is that 
removal of the sludge layer by mechanical means becomes redundant. It 
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FIG. 10. Variation of contact angle with surfactant concentration. 

is therefore of interest to find the conditions under which flocs of solid 
particles with entrained oil break through the bulk O/W interface and 
settle into the clear-water phase. 

A force balance must be conducted on the floc at the O/W interface in 
order to find the equilibrium states at which the floc will stay at that 
interface. For a body that is irregularly shaped, such a force balance is 
not trivial. It is, therefore, necessary to assume the floc to be a spherical 
body of uniform contact angle and density. The force balance of a sphere 
at a planar O/W interface has been conducted by many workers, but the 
work of Rapachietta and Neumann (4) is perhaps the most complete 
since they include the deformation of the bulk interface (due to the 
presence of the sphere) by solving the Laplace equation for a deformed 
interface. 

In this section a free-body force analysis is conducted on a spherical 
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floc at an O/W interface to find the equilibrium states at which the floc 
will reside at the interface. Since the size of the floc is related to the 
number of particles in the floc and the contact angle, the analysis can be 
related to both the previous sections through process variables that are 
common. 

Experimental observations of the phenomenon of solids transfer and 
subsequent separation of the oil and water phases show that a part of the 
sludge layer decomposes into flocculates which then break through the 
bulk O/W interface and settle to the bottom of the water phase. A possible 
mechanism of floc formation and carryunder are discussed in this 
section. When more and more droplets of the solids-stabilized emulsion 
settle to the sludge layer, the force acting on the droplets in the bottom 
layer increases. The droplets of this layer get squeezed, resulting in their 
coalescence with each other and/or with the bulk O/W interface. The 
coalescence of a droplet with the bulk interface releases the water in the 
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SEPARATION OF FINE PARTICLES FROM NONAQUEOUS MEDIA 231 5 

droplet to the bulk-water phase. What remains is a mixture of solid 
particles and entrained oil associated with the droplet. This is called the 
floc. One can visualize the process of floc formation to include the 
following different cases: 

a. Coalescence of one droplet with the bulk interface 
b. Coalescence of two droplets with each other followed by coa- 

c. Coalescence of three or more droplets with each other followed by 
lescence with the bulk interface 

coalescence with the bulk interface 

In all the cases listed above, the ultimate coalescence of the droplet 
with the bulk-water phase is necessary since this is the only way the water 
in the droplet can be released to form a floc. 

Once floc formation has occurred, it is necessary to find the conditions 
under which it will fall through the bulk O/W interface. A free-body force 
balance has hence to be written. If the net vertical force acting downward 
is positive, that body will fall through the interface. 

The problem of a sphere at a flat O/W interface has been considered by 
a number of investigators. Scheludko and Nikolov (6) solved the force 
balance equation for a sphere suspended from a balance into a fluid 
interface. The expression for determining the liquid interfacial tension 
has been derived from the maximum force recorded over a number of 
immersion depths. Princen (7) formulated the force expression for a 
sphere at a fluid interface. 

The most common problem associated with such a force analysis is 
that the force exerted by the deformed interface around the sphere can 
only be accurately known by solving the Laplace equation for the 
interface. Numerical solution of the three-dimensional Laplace equation 
has become possible only in the past few years. Rapachietta and 
Neumann (4 )  reported the numerical solution to the Laplace equation. 
They also proposed a semi-empirical equation for the deformation of the 
interface which can be used in lieu of the exact Laplace equation. In the 
discussion that ensues, this semi-empirical form of the Laplace equation 
has been used. 

For a floc to settle through the O/W interface, its density must be larger 
than the densities of both oil and water. Even if it has a density larger 
than both phases, it may yet occupy an equilibrium position at the 
interface if the surface tension forces are sufficiently large. The following 
analysis investigates the forces acting on a floc at the interface. To make 
the problem mathematically tenable, certain assumptions have to be 
made. The floc that is formed due to the coalescence process of one or 
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231 6 MENON, NAGARAJAN, AND WASAN 

more droplets with the O/W interface is assumed to be a rigid sphere of 
radius R, and density p,. It is assumed to have a finite contact angle 6 
measured through the water phase. The floc is further assumed to contain 
particles and entrapped oil, the latter being known from the geometric 
model for oil loss that was described in the previous section. Each solids- 
stabilized water droplet is assumed to contain spherical solid particles 
packed in a hexagonal close-packed arrangement on the droplet surface. 
The floc is assumed to be a free body at the interface, and the influence of 
neighboring droplets or flocs is neglected. 

The radius of the floc is given by a volume balance on the coalescing 
droplets: 

where N, is the number of coalescing water droplets. 
The values of N,, and V,,, are obtained for a particular size ratio by 

solving Eqs. (4), (9), (lo), and (18). N, is a parameter of the analysis and 
cannot be ascertained independently. 

The density of the floc can be determined from a mass balance on the 
coalescing droplets: 

Once the flo~, density has been evaluated for a given set of conditions, it is 
important to find out if this density is greater than that of the two bulk 
phases. It is of interest to proceed with the analysis only if the value of p, 
is larger than both pw and p,. 

Figure 12 depicts a schematic of the stationary state of the floc at the 
fluid interface. The contact angle has been assumed to be equal to that of 
the solid particle. @ is the position parameter of the floc at the 
interface. 

The net vertical force is obtained by the summation of the contribu- 
tions of the surface tension force, the weight of the floc, and the vertical 
component of the hydrostatic pressure distribution around the floc (4). 
When this net force, acting downwards, is expressed in dimensionless 
form, it takes the following form: 

G,, = 2n sin @ sin (6 + @) + 4n/3DC - (n/3)C( 1 - cos $1)~(2 + cos @) 

+ nYJo sin@ ( 2 5 )  

where 
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OIL 
9. 

WATER / 
FIG. 12. Schematic of the stationary state of floc at an interface. 

m,- P o k  B =  
Yow 

c = A ~ R ~  

D = B/nA2  

Yo = Z,gl and .Yo = C‘” sin @. 
Yo is the height of the deformed interface above the three-phase contact 

line. For a given set of values of Q, ‘I,,, 8, and n, it is possible to evaluate 
the net force acting on the floc, provided that the value of Yo is known. To 
estimate Yo precisely, it is necessary to solve the Laplace equation for the 
mathematically three-dimensional problem of the sphere at a fluid 
interface. Such a solution is numerically involved. Hence, an approxi- 
mate equation for Yo that has been reported in the literature (4) was 
used: 
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231 8 MENON, NAGARAJAN, AND WASAN 

This equation is implicit in Yo and was solved numerically using the 
Newton-Raphson technique. 

In order to obtain the total force acting on a floc of given size, density, 
and contact angle, one needs to know the interfacial tension, 8, and Yo. 
The O/W interfacial tension can be experimentally determined. In the 
previous section on oil loss modeling it was found that yOw is a simple 
function of the size of the water droplets that formed the sludge layer, 
provided other variables such as speed of agitation, impeller dimensions, 
etc. are kept constant. To compute numerical values of the total force on 
the floc, the following relationship between yo, and the size ratio was 
therefore used: 

R,IR, = 20.2y0,.$ ( 2 7 )  

Equation (27) is valid only when the aforementioned conditions are 
met. 

The position parameter @ can only be determined by experiment and 
in this analysis it has been retained as a parameter. 

Figure 13 is a graphical representation of the calculation of G,, for the 
case of a floc formed by the coalescence of two solid stabilized droplets 
with each other and subsequently with the O/W interface (Nc = 2.0). The 
ratio of the water droplet size to the particle size was fixed at 10.0. Plots 
for five different values of the floc contact angle are shown in Fig. 13. A 
positive value of C,, implies that the floc will fall through the interface 
while a zero value implies that the floc will take up an equilibrium 
position at the interface. At a contact angle of zero (totally hydrophilic 
situation), no equilibrium state can exist at the interface and the floc will 
fall through the interface for all Q. As the floc becomes less hydrophilic, 
the range of values of @ for which the floc will fall decreases. For a 
contact angle of 150" (shale dust), all @ values less than 41" will cause the 
floc to fall through the interface. The force analysis also predicts the 
existence of two equilibrium states (when G , ,  = 0.0) for a spherical solid 
at the interface. The second equilibrium state is more easily discernible at 
low values of the drop to particle size ratio. 

Since a specific system will have a spherical particle in equilibrium at 
the interface when the net force is zero, we can find the largest floc that 
can be supported at the interface by setting the force equation to zero. 
The resulting equation was solved simultaneously with the equation for 
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FIG. 13. Effect of location parameter (Q) and contact angle on the net force acting on the 
floc. 
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Yo by a Newton-Raphson scheme to obtain C for a fixed set of C$ and 8. 
The results of this procedure, in graphical form, are shown in Fig. 14. 

Figure 14 shows the influence of 8 and 41 on the size of the floc which 
allows for an equilibrium state, i.e., every point on the curves represents 
a possible equilibrium state. The points to the left of the maxima are the 
stable equilibrium states while those to the right are unstable equilibrium 
states. It should be noted that the term A in C is not a constant but varies 
as the drop size changes with interfacial tension. The maxima of the 
curves give the largest size of the floc that can be supported at the 
interface. Figure 14 illustrates that the critical radius decreases as the floc 
becomes more hydrophilic. Also, the maxima are shifted toward larger 
values of C$ as 8 decreases. Thus, if 8 = 150" and N, = 1.0, the maximum 
value of C is 0.61. If the O N  interfacial tension is 1.0 dyn/cm, the 
maximum floc radius of shale dust that can be supported at the interface 
is 513.3 pm. All flocs larger than this size will fall through the interface. In 
order to allow for smaller flocs to fall through the interface, it is necessary 
to decrease the contact angle or the interfacial tension. A decrease in the 
contact angle from 140 to 120" at an interfacial tension of 1 dyn/cm 
decreases the floc radius from 513.3 to 360.0 pm. Also, a decrease in the 
interfacial tension from 1.0 to 0.5 dyn/cm at a contact angle of 140" 
decreases the maximum permissible value of the floc radius from 513.3 to 
363.0 pm. 

The implication of the above analysis is that the manipulation of 
variables such as contact angle and interfacial tension can decrease the 
radius of the largest floc that can exist in equilibrium at the interface. 
Such a decrease would facilitate smaller flocs all falling from the sludge 
layer to the bottom of the bulk water phase. On the other hand, if the floc 
size can be determined a pn'on' for a given set of conditions, the force 
analysis can predict if that floc will fall through the interface or not. 

CONCLUSIONS 

Free energy analysis revealed that the size ratio (n), contact angle, and 
number of particles per drop are important parameters for determining 
the ease of transfer of particles from oil to water, with transfer being 
favored at higher values of the size ratio n. Also, the range of permissible 
contact angles was found to increase with increasing values of n. 

Oil loss analysis showed that the size ratio is once again critical to 
determining oil loss, with lower values of n favoring lower oil loss. The oil 
loss was not found to be strongly dependent on the contact angle. Both 
the free energy analysis as well as the oil loss model predict the 
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FIG. 14. Influence of 8 and I$ on the critical size of the floc at N, = 1.0. 
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importance of the size ratio, but the former favors a large value of n while 
the latter recommends a small value of n. The size ratio therefore has to 
be optimized after taking into account all aspects of the process. 

A semi-empirical equation was derived to express oil loss in terms of 
the interfacial tension and contact angle. Experiments revealed an 
excellent agreement between experimental values of oil loss and those 
predicted by the oil loss equation. Such an equation is very useful in 
assessing the effectiveness of various surfactants in decreasing oil loss, 
especially since the only inputs required are the interfacial tension and 
the contact angle, both of which are relatively easy to measure. 

Free-body force analysis of floc stability at the interface identified the 
largest size of the floc that can be stabilized at the interface. This critical 
size could be decreased by either decreasing the contact angle or the O/W 
interfacial tension. 
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