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ABSTRACT 

The separation of phases after the stability composition at a plait point is exceeded has significant effect on the reactions 
during spontaneous emulsification, but experimental efforts to obtain accurate information are extremely difficult, be-
cause even the smallest scattering of the numbers has a large effect on the result. In the present contribution a model 
system was applied that closely mirrored experimental values and the mass ratio of the two phases could be calculated 
with high accuracy. Extrapolation of the ratio between phase masses towards the critical composition showed the two 
phase masses each close to 0.5, while a composition with a miniscule difference from this composition extrapolated to 
1.0. The results showed spontaneous emulsification between solutions at the plait point and water to consist of two 
processes; an initial extremely fast reaction and a slower process between the aqueous phase formed in the primary 
emulsification and water.  
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1. Introduction 

The criterion for achieving spontaneous emulsification is 
that sufficient internal excess energy exists to compen- 
sate for the energy to form the emulsion. The first publi- 
cation in the area [1] listed the reaction energy from an 
interfacial neutralization as the source of energy and later 
treatments added negative interfacial energy, interface 
destabilization and “diffusion and stranding” as early 
reviewed by Davies and Rideal [2] as well as Salager [3] 
and several aspects were covered of these approaches 
[4,5]. A fundamentally new perspective was introduced 
by Miller and associates [6,7] in a diffusion path ap-
proach showing spontaneous emulsification to occur, 
when the path encountered a multi-phase range. Hence, 
phase diagram features became constructive tool to illus- 
trate the fundamentals of the process [6,7]. A recent in- 
vestigation [8] of this kind gave counterintuitive results, 
revealing cases of addition of water leading to an initial 
reduction of the aqueous phase.   

These findings demonstrated the need to clarify the 
spontaneous emulsification for compositions close to the 
plait point, but experimentally the necessary accuracy is 
difficult to attain and Wheeler and Widom [9] instead 
calculated the interactions between di-functional (“diato- 
mic”) molecules of the types AA, AB and BB, postulat- 
ing interactions favoring the contacts of A ends with A 

ends and of B ends with B ends over the contacts of A 
ends with B ends. Near the plait point the shape of the 
binodal curve (two-phase coexistence curve) in the iso- 
thermal composition plane differed from the parabolic 
coexistence curves predicted by equations of state; such 
as the van der Waals equation. Instead, the calculated 
co-existence curve was closer to the nearly cubic curves 
for liquid-vapor equilibrium found in real one-com- 
ponent fluids.   

The present numerical calculation is based on exten- 
sive experimental information on the system water/ben- 
zene/ethanol [10-16], which has been characterized by 
algebraic expressions using probability curve functions 
with the Weibull approach [13,14]. However, for the 
present problem, these modeling attempts do not pro- 
vide sufficient accuracy and a different algebra[17,18] 
was utilized in order exactly to calculate the conditions in 
the plait point range of the diagram, Figure 1(c).  

2. Fundamental Basis  

The present numerical calculation is based on extensive 
experimental information on the system water/ben- 
zene/ethanol [10-16], which has been characterized by 
algebraic expressions using probability curve functions 
with the Weibull approach [13,14]. However, for the 
present problem, these modeling attempts do not pro-  
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Figure 1. The phase diagram of the system water, benzene 
and ethanol. (a) [10]; (b) [11] and (c) [15]. 

 
vide sufficient accuracy and a different algebra [17,18] 
was utilized in order exactly to calculate conditions in the 
plait point range of the diagram, Figure 1 (c). 

In the present calculations the mass fraction of a com- 
pound is represented by Y, in which  denotes water by 
W, benzene by B and ethanol by E and the composition 
at one point is given as (YW, YE, YB). In addition, the two 
phases formed during the emulsification are marked as 
Aq, if the composition is along the branch from the plait 
point towards water and Oi, if located on the branch to-
wards the benzene corner. Hence AqYW means the mass 
fraction of water in a composition on the aqueous branch, 
while YAq signifies the mass fraction of the entire 
aqueous phase. The coordinates for the de-mixing line 
and the tie lines were published by Ross and Patterson 
[15], who also gave a comparison with published values. 
Table 1 presents the values form Ross and Patterson and 
includes those for the plait point (0.100, 0.383, 0.517) 
from [16]. 

3. Basic Equations 

In the phase diagram approach, the emulsification proc-
ess is illustrated by adding water to a water poor compo-
sition, following the equilibrium changes in the phase 
fractions and compositions versus the water fraction. The 
conditions for large fractions of water have been de-
scribed [8] revealing the aqueous fraction of the emul-
sion approaching unity and virtually all the added water 
entering the aqueous phase. In the present contribution 
the conditions close to the plait point are of interest; and 
two equilibrium aqueous/oil phase combinations closest 
to the plait point from [15,16] were used, Figure 2. 

In addition the coordinates for the plait point ac- 
cording to [16] were combined with the ones by Ross 
and Patterson [15] and empirical functions of YE (YW) 
and YB (YW) were established in the range for the present 
investigation, 0.030  YW  0.214, Figure 2.  

Table 1. The coordinates for the de-mixing line in mass 
fractions, according to Ross and Patterson [15] (indices W, 
E, and B indicate water, ethanol and benzene). 

Branch YW YE YB 

0.714 0.28 0.006 

0.618 0.368 0.014 

0.518 0.446 0.036 

0.401 0.504 0.095 

0.263 0.526 0.211 

0.214 0.51 0.276 

Aqueous 

0.162 0.47 0.368 

Plait point 0.1 0.383 0.517 

0.053 0.272 0.675 

0.03 0.206 0.764 

0.02 0.174 0.806 

0.011 0.107 0.882 

0.007 0.073 0.92 

Organic 

0.004 0.047 0.949 

 

 
3 2

E W W

2

Y 12.29686Y 11.82443Y 3.88729Y

0.098925288 R 1.0000

  

 
W

3
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 (1) 

 
3 2

B W W

2

Y 12.29686Y 11.82443Y 4.88729Y

0.901058 R  0.9999

   

 
(2) 

The number of digits in the constant terms may appear 
excessive, but are a consequence of the extreme accuracy 
needed for calculations close to the plait point. The sum 
of the numbers of YE and YB from Equations (1), (2) give 
a sum of mass fractions at YW = 0.1, which differs from 
unity by 3 × 10−13. In the continued treatment the de- 
mixing line is defined according to Equations (1), (2), 
within the range given. This designation is necessary to 
avoid erroneous results in the calculations close to the 
plait point from the inevitable scattering of experimental 
numbers. Simultaneously, the equations adequately re- 
present the water/benzene/ethanol de-mixing line at 20˚C, 
differing less than 0.4% from the experimental values 
[15,16].  

However, while equations (1, 2) accurately predict the 
coordinates for the de-mixing line close to the plait point, 
they do not provide guidance as to the location and 
direction of tie lines in the range between the tangent at 
the plait point and the next tie line between (0.162, 0.470, 
0.368) (Aq) and (0.053, 0.272, 0.675) (Oi). These were 
established using an early experimental result [19], 
which revealed tie lines to converge to a focal point on  
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the water/hydrocarbon axis. No thermodynamic basis has 
been found for this correlation, but the experimental 
results have been reviewed [20], finding less satisfactory 
accuracy for compositions with small mass fractions, but 
very good agreement for mass fractions at a significant 
level.  

With this background, the calculations could adjust the 
plait point slightly to ensure complete agreement with the 
experimental and calculated tie line between (0.162, 
0.470, 0.368) (Aq) and (0.053, 0.272, 0.675) (Oi) or 
accept a deviation of less than 0.5% between the 
calculated and experimental tie lines. Since the numerical 
calculations were made significantly closer to the plait 
point than the mentioned experimental tie line, the plait 
point was retained at YW = 0.1 and YE and YB according 
to Equations (1), (2). The focal point on the water/ 
benzene axis is defined by the tangent at the plait point 
and the tie lines all emanate from this point, providing 
exact numbers to make the calculations close to the plait 
point both realistic and credible. In summary; for the 
calculations the plait point is located at PPYW at exactly 
0.1 and the coordinates PPYE and PPYB are those cal- 
culated according to Equations (1), (2). This condition 
means the calculations close to the plait point are made 
with maximum accuracy, while still realistically represent- 
ing the physical system of water/benzene/ ethanol with a 
precision equal to the experimental results.   

The focal point, (FYW, 0, 1 – FYW) is calculated from 
the dYE/dYW of Equation (1) at the defined plait point, 
(PPYW

 , PPYE, 
PPYB).  

 F PP PP PP PP
W W E WY Y Y d Y d Y  E



    (3) 

The calculations of the mass fractions of the two 
phases used the YE mass fraction in the phases for ac- 
ceptable accuracy.   

  DL Oi Aq Oi
Aq E E EY Y Y Y Y   E



    (4)  

The coordinate for the dilution line, DLYE, is obtained 
from  

  DL PP DL PP
E E W WY Y Y 1 Y 1       (5) 

 

 

Figure 2.The mass fractions of ethanol () and benzene () 
versus the mass fraction of water, YW, on the de-mixing 
line close to the plait point, (0.1, 0.383, 0.517). 

In which the the plait point (PPYW, PPYE, PPYB).  
A rational approach to the calculations is to draw tie 

lines (TL) from the focal point (FYW, 0, 1 – FYW) through 
selected compositions on the dilution line and attain the 
coordinates on the de-mixing line by combining tie line 
equation with Equation (1). However, this approach did 
not result in sufficient accuracy of the de-mixing line 
coordinates and the tie line was instead drawn from 
selected points on the aqueous branch of the de-mixing 
line, (AqYW, AqYE, AqYB), giving  

    TL F Aq F TL F Aq F
W W W W B B B BY Y Y Y Y Y Y Y     (6) 

A combination of this equation with Equation (1) and 
[4] provided the numbers to calculate the phase mass 
fractions.   

4. Numerical Calculations 

The critical point coordinates combined with the deriva- 
tive of the de-mixing function from Equation (1), 1.8914, 
gave FYW = −0.1018, but a more exact number was used 
in the calculations against the need for extreme accuracy.  

The selected values for DLYW and the resulting DLYE 

are given in Table 2. 
The mass fractions were calculated in the range for 

0.101  DMYW  0.2 using the calculated values, while the 
fractions from those in the range 0.263  DMYW  0.852 
used the experimental numbers [15]. The first tie line in 
Table 2 is extremely close to the plait point; significantly 
closer than would be available experimentally. The mass 
fraction of the aqueous phase was calculated and shown 
in Figure 3 for different mass fractions of the dilution 
water. The corresponding numbers for the oil phase are  

 
Table 2.The coordinates for the water dilution line from the 
plait point. 

DMYW
 DMYE

 DLYW 
DLYE 

0.101 0.38359 0.1000095 0.3817168 

0.105 0.390962 0.1000910 0.3816822 

0.11 0.399819 0.1003360 0.3815783 

0.15 0.457471 0.1067298 0.3788665 

0.2 0.501781 0.1221364 0.3723320 

0.263 0.526 0.1475939 0.3615346 

0.474 0.526 0.2276788 0.3275679 

0.554 0.446 0.3086833 0.2932111 

0.632 0.368 0.4004765 0.2542785 

0.72 0.28 0.5111346 0.2073446 

0.852 0.148 0.7070347 0.1242566 
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Figure 3. The aqueous phase mass fraction versus added 
water mass fraction. 
 
not given, since the sum of the fractions equal unity. 

5. Discussion 

Several aspects of the results merit a further analysis. 
One central facet is the extent to which numbers contri- 
bute to the understanding of the mass fractions of the two 
liquid phases formed at initial addition of water to a 
composition at the plait point. This phenomenon has 
been widely analyzed since the early contribution by 
Wheeler and Widom [9], because of its significance for 
emulsion inversion; an industrially central item [4]. The 
treatments of this specific item are per se interesting; 
having developed from the very early studies [21-25], via 
the interesting usage of the catastrophe theory [26-28) 
until its final repudiation [29]. Ross and Kornbrekke [30] 
interpreted the inversion as a stochastic process. These 
attempts gave a different number for the mass fractions 
of the two liquid phases formed with Smith and Lim pre-
dicting equal fractions for the system water/butoxy- 
ethanol [25], while Waessen and Stein revealed the re-
sults better to be represented by a water fraction of 0.53 
[31] The results of the present contribution support show 
mass fractions of 0.5, Figure 3.  

The second topic of significance is the direct effect on 
spontaneous emulsification of the plait point, when 
compositions on the de-mixing line encounter water. The 
experimental investigations so far [8], revealed the proc- 
ess to become more intense for compositions close to the 
plait point and the present results are useful to understand 
this fact, when reflected against the features of the phase 
diagram for the system water/benzene/ethanol. The dia- 
gram displays the change in mass fractions of the two 
phases formed with the added water; the fundamentals of 
the process. The phase diagram details are transformed to 
mass changes, instead of the mass fractions, of the two 
phases, when the changes due to added water are calcu- 
lated.  

The initial emulsion is assumed of unity mass and the 
added mass of water is yw. 

The total mass of the emulsion, Emyt is 

   Em PP DL
t Wy I Y 1 Y   W         (7) 

The mass of the phases become 

Oi Oi ty Y y                 (8) 

and  

Aq Aq ty Y y                 (9) 

with 

Aq Oi ty y y   

The mass of the two phases versus the total emulsion 
mass is displayed in Figure 4.  

The aqueous phase mass is approximately linearly in-
creased, while that of the oil phase remains nearly cons- 
tant, indicating the added water to be exclusively ab-
sorbed by the aqueous phase. The terminus of the added 
water is better illustrated by the derivative dy/dyt , which 
is shown in Figure 5 versus the total emulsion mass.  

Figure 5 illustrates the addition of the added water to 
each phase. The increase in the aqueous phase is virtu- 
ally identical to the mass of added water; i.e. all the 
added water ends in the aqueous phase. 

This information refers to equilibrium conditions and 
it is crucial to realize the importance of the fact that 
spontaneous emulsification is a kinetic process and, at a 
first glance, and an equilibrium analysis may appear both 
trivial and of little relevance to the physical actions. A 
cursory analysis shows an O/W emulsion formed by 
contacting water with a solution at the plait point, as 
indicated by the mass fractions in Figure 4. Subse-
quently added water would be expected to dissolve into 
aqueous phase and no further emulsification should be 
expected. However, such an analysis does not take into 
account the features of the phase diagram, which indicate 
the process to be significantly more complex. 

Initially, the composition at the plait point is a one- 
phase liquid, but the smallest addition of water leads to 
an emulsion of equal mass of an aqueous and oil phase. 
As consequence the derivative of the phase masses with 
respect to added water goes to infinity causing a most 
intense emulsification; a rational expectation as shown 
by experiments [32]. This mechanism is probably the 
most significant mechanism underlying the powerful 
increase of spontaneous emulsification for compositions 
close to the plait point [8]. However, such emulsification 
also leads to highly complex emulsions [32] and the 
phase diagram offers a potential explanation for their 
formation, Figure 6. 

According to the diagram, initial entry of water into a 
composition at the plait point leads to a separation into 
an aqueous phase, Aq I, and an oil phase, Oi I, the initial 
emulsion. The crucial factor for the “secondary emulsifi- 
cation” is the fact that the Aq I is not mutually soluble 
with water and the exposure to the latter leads to a  
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Figure 4. The mass of the aqueous () and oil () phases 
versus the total emulsion mass. 

 

 
 Aqueous phase;  Oil phase 

Figure 5. The derivative of mass of water added to each 
phase/total mass versus the total mass. 
 

 

Figure 6. Illustration of the “secondary” emulsification. An 
emulsion of phases Aq I and Oi I are formed, when water is 
added (Dilution) to a composition at “Plait point”. The 
aqueous phase formed, Aq I, and water are not mutually 
soluble and a “secondary emulsion” emulsion is formed, 
represented by Aq II and OI II. 

 
“secondary emulsion” signified by the phases Aq II and 
Oi II. Such spontaneous emulsification between water 
and an aqueous solution in the water/benzene/ethanol 
system has recently been described [33]. The process was 
significantly slower (minutes) than the primary process at 
the plait point; indicating a factor for the complexity of 
emulsions of this kind. 

6. Summary 

Spontaneous emulsification between solutions close to 

the plait point and water was related to the phase diagram 
features in the system water/benzene/ethanol. 

The process was found to consist of two main mecha-
nisms: An initial extremely fast action, when the solution 
spontaneously separates into two phases at the smallest 
addition of water and a slower process, when the aqueous 
phase of the primary emulsion encounters water. 
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