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Abstract. This article investigates the conditions under which catastrophic phase inversion 
(CPI) can produce finer drops than conventional direct emulsification (D) using a model 
oil/water emulsion (cyclohexane/water) in the presence of non-ionic surfactants. At a high 
surfactant concentration, where CPI is associated with formation of multiple drops, CPI 
produces smaller drops than D. Under such conditions, drops are primarily and efficiently 
emulsified in the internal phase of the pre-inversion emulsion and are then released to the 
inverted continuous phase upon inversion. At a low surfactant concentration, when the 
formation of multiple drops is minimum, both methods produce similar drop sizes. The results 
suggest the internal-phase emulsification is a prerequisite for formation of fine drops by CPI. 
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1. INTRODUCTION 

Emulsions are unstable and do not form spontaneously. Surfactants are usually required to 
stabilise the droplets by forming a protective film at the drop/continuous phase interface. 
Another role of surfactants is to reduce the interfacial tension between the oil and water by 
absorbing at the liquid-liquid interface. Emulsifications are traditionally carried out by a 
direct emulsification method (D), in which the dispersed phase is simply added to the 
continuous phase under intensive agitation. In the direct emulsification method, the phase in 
which a surfactant is most soluble is placed in the vessel as the continuous phase followed by 
addition of the second phase as the dispersed phase. The surfactant used is more soluble in 
the continuous phase. As a result, emulsions formed via the direct emulsification method, 
called normal emulsions, are kinetically stable during the emulsification process and follow 
Bancroft’s rule. According to the Bancroft’s rule, the phase in which a surfactant is most 
soluble becomes the continuous phase [1].  

An alternative method is phase inversion emulsification. Phase inversion is a process 
whereby a water-in-oil (W/O) emulsion inverts into an oil-in-water (O/W) emulsion and vice 
versa. There are two types of phase inversion; transitional phase inversion and catastrophic 
phase inversion (CPI). For transitional phase inversion to happen the affinity of the 
surfactant(s) must be changed by either changing the temperature or changing the 
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composition of the surfactant mixture at a constant temperature. The affinity of a surfactant 
toward a phase is conventionally measured by its Hydrophile-Lipophile Balance (HLB). HLB 
of a surfactant measures the degree to which it is hydrophilic or lipophilic. Altering the HLB 
results in the surfactant being attracted more towards the oil or water phase depending on the 
direction of change. Normally a single surfactant will not be of the correct HLB to produce 
the stability which is desired in the final emulsion. Application of a mixture of surfactants 
with different HLBs can serve to reduce the interfacial tension and improve emulsion stability 
[2]. Lower interfacial tension means less resistance forces against drop break up and a finer 
emulsion.    

Catastrophic phase inversion emulsification usually start off with abnormal emulsions; 
emulsions in which the surfactant has more affinity toward the dispersed phase. Abnormal 
emulsions do not obey the Bancroft’s rule and are extremely unstable.Vigorous stirring is 
required to maintain the dynamic stability of abnormal emulsions.  During a CPI process, the 
instability of an abnormal emulsion continuously increases until it inverts to a normal 
emulsion of the opposite morphology. A CPI is triggered by increasing the rate of drop 
coalescence. This is usually brought about by increasing the volume fraction of dispersed 
phase either by continuous addition of the dispersed phase, or even by continuous stirring of 
the emulsion [3]. 

Catastrophic phase inversion usually produces finer emulsions than the direct 
emulsification method [4,5]. CPI is the favoured emulsification method for production of 
waterborne dispersions [6]. CPI has been the subject of in-depth research in recent years 
[7,8,9]. Interestingly, despite these efforts still little is known about the underlying 
mechanisms by which fine emulsions are produced by CPI. This paper compares the 
catastrophic phase inversion and direct emulsification techniques for delivering fine 
emulsions. It also explores the conditions under which CPI can give finer emulsions. A model 
cylohexane-water emulsion with a mixture of nonionic surfactants is used. 
 
 
2. EXPERIMENTAL 

Chemicals: Cyclohexane (Aldrich) was used as the oil phase. A medium molecular weight 
Polyisobutyle (PIB) was supplied by British Petroleum (trade name Indopol H-7, having a 
number-average molecular weight of 440 , a density of 871 kg/m3, and a viscosity of 13 cSt at 
100 °C). Two grades of the nonionic surfactant polyoxyethylene nonylphenylether from 
Sigma-Aldrich (trademark Igepal) were used as received. Igepal 520 has a nonylphenylether 
length of 5 (NPE5) and has an HLB of 10 and is an oil soluble grade. Igepal 720 has a 
nonylphenylether length of 12 (NPE12) with an HLB of 14.2 and is a water soluble grade. 
Distilled water containing 0.50 wt% potassium chloride was used throughout. 

Apparatus: The experiments were carried out in a 250 cm3 jacketed glass reactor that was 
7 cm in diameter. A 4 blade turbine whose blades were 4 cm in diameter was set constant at  
500 rpm. Four equally spaced 90º baffles were used to promote mixing. The emulsification 
was carried out at a constant temperature of 25ºC. A relative conductivity meter was used to 
monitor phase inversion by a large change in conductivity. The water phase contained 
potassium chloride to boost the conductivity for phase inversion detection. Drop sizes in O/W 
emulsions were measured using a Coulter LS130 laser diffraction particle sizer. An optical 
microscope connected to a video camera was used for observation of drops in both pre-
inversion and post-inversion regions.  

Emulsification objective: The target emulsion was an oil-in-water (O/W) emulsion 
consisting of cyclohexane in water with a volumetric ratio of oil to water of 1:1 (water 
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volume fraction of fw= 0.50). A volume of 50 cm3 of distilled water and 50 cm3 of 
cyclohexane was used in all experiments. HLBs between 11 – 16 are usually good at 
promoting the formation of oil-in-water (O/W) emulsions. Different overall surfactant 
concentration ([S]) were used. The optimum HLB for the formulation, at which ultra-low 
interfacial tension occurs, is around 10.50. The HLB of the target emulsion was set at 11.5, 
12, 13 and 14.2 well above that of optimum HLB. The weight averages were used to prepare 
the assigned HLB values by varying the proportion of NPE5 and NPE12 in the mixture. 

Methodology:  Both direct and catastrophic phase inversion emulsification methods were 
used to make the target O/W emulsions. In both types of emulsification, one phase was 
placed in the vessel followed by gradual addition of the second phase in a semibatch mode.  
10 cm3 of the second phase was added every 10 minutes until a 1:1 oil/water ratio was 
achieved after 40 minutes. 

Direct emulsification: In this method also known as agent-in-water method, the 
surfactants were placed in the intended continuous phase (water). The intended dispersed 
phase (cyclohexane) was added gradually over time to the water phase to form O/W 
emulsion.    

CPI emulsification: In this method also known as agent-in-oil method, the surfactants are 
placed in the intended dispersed phase (cyclohexane). The intended continuous phase (water) 
is then added over time to the cyclohexane phase. This method starts with a W/O emulsion 
morphology and undergoes inversion to the desired O/W emulsion at a critical point. If after 
50 minutes, when the addition of the second phase is already complete, inversion has not 
occurred, the inversion was induced by switching off the agitator for 10 seconds and then 
switching it on. This was the case for surfactant concentration less than 1.0 wt%. 
 
 
3. RESULTS AND DISCUSSION 

3.1 CPI versus direct emulsification: Final drop size 

Figure 1 compares the Sauter mean diameter (d32) of the oil drops in the target emulsions 
obtained by CPI and D methods in terms of surfactant HLBs and concentrations. For both 
methods, d32 decreased with increasing surfactant concentration. At a low surfactant 
concentration, there seems to be little difference in the size of drops obtained from the two 
methods. As surfactant concentration increased to 3.0 wt%, CPI produced significantly 
smaller drops. CPI appears to be more efficient at 5.0 wt% surfactant concentration 
particularly at low HLBs. It can be summed up from the results that CPI produced smaller 
drops with increasing surfactant concentration. The difference between the two methods at a 
given surfactant concentration also seems to widen with decreasing HLB, but remains almost 
the same at low HLBs. 
 
3.2 Internal-phase emulsification; the key to the formation of fine droplets 

The evolution of emulsion morphology in a catastrophic phase inversion is quite complex. 
The dispersed drops are very unstable and show an extremely high tendency for coalescence, 
leading to an easy phase separation upon cessation of stirring. The instability of drops makes 
the observation of complex drops, by using an off-line microscope, extremely difficult. Note 
that the formation of multiple emulsions in CPI has been traditionally inferred from the time 
variations in the conductivity of the emulsions. In order to observe the evolution of 
morphologies, however, we used a polymer (polyisobutylene; PIB) as the continuous phase 
[3]. It was shown that viscous media can hinder drop coalescence and hence can increase 
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emulsion stability so that drop visualization and measurement by microscope was possible 
with a good accuracy.  
 
  
 
 
 
 
 
 
 
Figure 1. Final d32 of oil drops in the target emulsions versus the surfactant HLB for direct and CPI 
emulsification with a)1.0, b)3.0, and c)5.0 wt% surfactant concentration. 

Figure 2 shows the evolution of drop size a nd morphology in a pre-inversion region for a 
typical water/PIB (W/O) abnormal emulsion during CPI. Multiple O/W/O drops are formed 
by inclusion of the oil phase by water drops. This occurs because the dispersed water phase 
contains a water-soluble surfactant. Brooks and Richmond clearly showed that the formation 
of double emulsions is a prerequisite to catastrophic phase inversion of emulsions containing 
surfactants [10]. The phase inversion occurs because sufficient droplets of continuous phase 
are incorporated into the dispersed phase so that the required effective volume fraction of 
dispersed phase is reached [8]. If a continuous increase in the size of multiple drops occurs in 
a dispersion, due to inclusion, then phase inversion seems to be the eventual fate for that 
dispersion [11]. 

(a)  (b)  (c)  

(d)  (e)  (f)  

Figure 2. Time evolution of drop size and drop morphology for a typical W/PIB emulsion undergoing CPI, a) 
1.0 min, b) 5.0 min, c) 10.0 min, d) 20 min, e) 30 min, f) 60 min.(PIB-in-water emulsion, water volume fraction 
= 20 vol %,5.0 wt % NPE12 in both phases,rpm=500,T=60°C. Emulsification was started batchwise by instant 
addition of the water to the oil under continuous stirring and the drops morphology were monitored with time). 

 

  (a)  (b)     (c)  

Figure 3. Typical images for water/PIB emulsion morphology with a) [S] = 1.0 wt% and HLB = 14.2; b)[S] = 
5.0 wt% and HLB = 14.2; c) [S] = 5.0wt% and HLB = 11.5. 

The extent of inclusion was found to depend on the surfactant concentration. For 
surfactant concentration of 0.2 wt%, only an extremely small number of water drops included 
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any oil drop. Only a small fraction of water drops containing 1.0 wt% surfactant 
concentration included oil drops, but the size of the oil drops was relatively quite large, as 
seen in Figure 3a. The extent of inclusion increased with surfactant concentration. Figure 3b 
shows that water drops containing 5.0 wt% surfactant contained a large number of small oil 
drops from the continuous phase. The size of internal oil droplets significantly reduced as the 
surfactant HLB value approached the optimum HLB, as seen in Figure 3c[12].  

An indication of extent of inclusion for the cyclohexane-water system can be inferred 
from Figure 4 which shows the inversion time decreases with increasing surfactant 
concentration. This is in agreement with a previous study that showed phase inversion 
delayed and the formation of multiple drops was subsided with decreasing surfactant 
concentration [13]. Note that we did not explore the HLB range of 10.50-11.50, which is in 
the close proximity of the optimum HLB. The inversion time, called delayed phase inversion 
by Pacek et al.[14], is described as the time required for sufficient droplets of the continuous 
phase to be incorporated into the dispersed phase so that the required effective volume 
fraction of the dispersed phase is reached. A more extensive inclusion, triggered by presence 
of large amount of surfactant in the water phase, can advance the inversion by a quicker 
approach to critical dispersed phase packing. The minimum inversion time was obtained for 
HLB = 11.5, which is in the vicinity of optimum HLB. Note that the water phase is added to 
the mixing vessel over time so fw changes with time, as shown in Figure 4.   

 
 

 
 
 
 
 
 
 
 
 

 
Figure 4. Inversion time versus surfactant HLB and concentrations (the horizontal dotted lines indicate the 
volume fraction of the water phase in the emulsion at different addition times). 
 

The time evolution of oil drop size after the inversion is shown in Figure 5. Time zero 
indicates the post-inversion mixing time. According to Figure 5 at a low surfactant 
concentration, drops reveal a transition stage during which their size is reduced to their 
steady-state size, in a very similar way to that in conventional emulsification. The transition 
stage becomes shorter with increasing surfactant concentration and decreasing HLB. For the 
HLB value of 11.5, which is very close to the optimum HLB, there is practically no transition 
period and the drop size remains almost constant during mixing. This implies the oil drops 
have gone through the transition stage in the pre-inversion region and only released to the 
water continuous phase at phase inversion point. 

Figure 6 compares the size evolution of the drops in the direct emulsification and the 
post-inversion region of CPI. In this region both methods represent O/W emulsion 
morphology. There is a large difference between the dynamics of oil drops from both 
methods in the transient and steady-state regions at high surfactant concentrations. It is 
apparent form Figure 6c that for CPI method, oil droplets have been already produced inside 
the water drops via internal phase emulsification and the onset of phase inversion only marks 
release of these seed droplets into the water continuous phase. The difference between the 
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dynamics of drops is reduced with decreasing surfactant concentration. For surfactant 
concentration of 0.20 wt%, there is no significant difference in the dynamics of the drops. 
This implies that the oil drops in the CPI method are formed after the inversion in a very 
similar way to that in the conventional direct emulsification.  

 
 

  
 
 

 
 
 

Figure 5. Time evolution of size of oil drops in the post-inversion regime for different surfactant concentrations 
and HLBs. 

The size of oil drops in the water drops of the pre-inversion region determines the size of 
drops in the post-inversion region. At high concentration of surfactants, most drops are 
produced via internal-phase emulsification in the pre-inversion region. At a low surfactant 
concentration, few internal drops are formed and as a result emulsification occurs in the post-
inversion region. 
 
 
 
       
 
 
 
 
 
Figure 6.  Time evolution of size of oil drops (O/W emulsion) in the post-inversion regime of CPI and D for 
different surfactant concentrations (HLB =14.2). 
 
3.3 Comment on reasons for formation of fine drops by CPI via internal-phase 
emulsification 

By this point we may conclude that the internal-phase emulsification is a necessary condition 
for CPI method to produce fine droplets. The possible reasons for formation of small oil drops 
in the interior of water drops during catastrophic phase inversion are as follows: First, the 
viscosity of  the most external emulsion and that of internal emulsion increase with effective 
internal phase ratio. As a result the flow field may shift from turbulent to transitional or 
laminar flow depending on the the extent of variations in effective phase ratio. This can 
increase the shear stress applied on the internal drops and thus can lead to a more efficient 
drop rupturing. Second, formation of fine drops in CPI could be due to a lower dynamic 
interfacial tension caused by the diffusion-controlled surfactant transport from the oil phase to 
the continuous phase via the interface. In the CPI method, the surfactant mixture is placed in 
the oil phase. The water-soluble surfactant has a longer chain length than the oil-soluble one 
and diffuses toward the interface at a slower rate. Furthermore, it is quite likely that some of 
the water-soluble surfactant is solubilised in the interior of the oil-soluble surfactant micelles 
in the oil phase delaying the diffusion. The slower diffusion of the water-soluble surfactant 
from the oil phase to the interface will cause the actual HLB of the emulsion at the water-oil 
interface to be smaller than the formulation HLB and closer to the optimum HLB (10.50). We 
showed previously that the dynamic interfacial tension of water-cyclohexane system at a 
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constant surfactant concentration is lower when the surfactant mixture is placed in the oil 
phase [15]. A low interfacial tension results in a decrease in the drop size. To explore this 
point further, in one experiment we attempted to depress the surfactant concentration gradient 
by distributing the surfactant mixture between both oil and water phases. Figure 7 compares 
the results for CPI with split surfactant (both phases contained 3.0 wt% surfactant) with 
conventional agent-in-oil CPI and agent-in-water direct emulsification methods. Interestingly 
the size of final oil drops in the post-inversion region of CPI method with split surfactant is 
large and approaches that of direct emulsification. While this may be considered as an 
evidence for surfactant concentration gradient being the main cause for formation of fine 
droplets in the CPI method, more experiments should be carried out to verify this hypothesis. 

 

 
 
 
 
 
 
 
 
 
 
Figure 7. The final size distribution of drops from CPI, CPI with split surfactant, and D methods 
(cyclohexane/water, [S] = 3.0 wt%, HLB = 12.5). 
 
 
 
 
 
(a) 
 
 
 
 
(b) 
 
 
 
 
(c) 
 
  W/O            Inversion     O/W           Mixing time 
            
Figure 8.  The schematic presentation of time evolution of drop size and morphlogy with mixing time before and 
after inversion, a)Low [S], b)high [S] and high HLB, c)high [S] and low HLB. 
 
 
4. CONCLUSIONS 

The main conclusion is that CPI emulsification produces finer drops than direct method only 
if it is associated with formation of multiple drops during the pre-inversion region. 
Application of large quantity of surfactant allowed multiple drops to form. It is concluded that 
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the formation of internal oil droplets in the water drops in the pre-inversion region and their 
release into the water phase in the post-inversion region is the main reason for formation of 
fine drops. At low surfactant concentrations, multiple drops do not form extensively. The size 
evolution of drops after the inversion in CPI method using low surfactant concentration was 
very similar to that in direct emulsification method implying a similar mechanism of drop 
formation for both methods. At a high surfactant concentration, multiple drops containing 
small oil droplets are formed in the course of emulsification. These drops were slightly 
reduced in size after phase inversion and their release to the inverted continuous phase. At a 
high surfactant concentration and an HLB value close to the optimum formulation, multiple 
drops contain pre-formed fine droplets in their interior. These drops do not change in size 
significantly even after phase inversion and their release to the inverted continuous phase. 
These finding are sketched in Figure 8. Further investigation is required to underline the true 
reasons for formation of fine drops in the interior of water drops.  
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