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Abstract 

Spontaneous formation of aqueous droplets in kerosene was observed, which was 

facilitated by the presence of an oil soluble surfactant: Span
®
 80 at concentrations above

CMC. Kerosene/water interfacial tension under all conditions studied was not lower than 4

mN/m. Therefore, ultra-low interfacial tension was not required for this process to occur 

spontaneously. The process was caused by a transfer of water molecules to swollen reversed 

micelles. The influence of both the surfactant concentration in the organic phase and NaCl 

concentration in the aqueous phase on spontaneous aqueous droplet formation was 

investigated. Nano-sizing analyse of the drops was performed, which showed the droplets 

sizes in between 100 and 400 nm. It is proven that the presence of salt in the aqueous phase 

inhibits droplet formation. It is shown that big sessile aqueous droplets deposited on a 

hydrophobic substrate inside the kerosene phase were dissolved in kerosene through 

formation and growth of droplets, which form an aqueous film at the droplet base. 
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1. Introduction 

Emulsions consist of a discontinuous phase (droplets), a continuous phase (liquid 

surrounding the droplets) and an interface where surfactants are usually present, lowering the 

interfacial tension and, therefore, decreasing the free energy for formation and stabilizing the 

two phase system. Energy input is required, generally mechanical, to disperse the 

discontinuous phase in the continuous phase and to create the additional interfacial area. The 

Gibbs free energy increase of the system (ΔG), at constant composition and pressure after 

mixing is as follows: 

             ,                                           (1) 

where ΔS is an entropy increase, A is the increase of the interface, T is temperature in 

Kelvin and   is an interfacial tension.  

For the spontaneous formation of emulsions G should be negative, hence, the 

interfacial tension (   should is very low [1].  

The extent of surfactant adsorption at a liquid surface is expressed in terms of its 

surface excess concentration, . Surface excess concentration is related to surface tension by 

the Gibbs equation, which for a non-ionic surfactant takes the form [2]:  

   
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where c is the surfactant concentration. It becomes possible to estimate the area occupied by 

each adsorbed surfactant molecule at known  [2]. 

Microemulsions are an example of thermodynamically stable and macroscopically 

homogeneous mixtures of water, oil and surfactant. They form spontaneously and they are 



characterised by ultra-low interfacial tension (<0.1 mN/m) between water and oil, thus 

minimising the required amount of energy to form the new surface area as shown in Eq (1). 

Microemultions can be opaque or transparent depending on the size and concentration of 

droplets in the emulsion. In the case of ultralow interfacial tension this type of emulsification 

does not require energy input, as the ultralow interfacial tension leads to a spontaneous 

emulsification when the phases are brought in contact [1]. The full mechanism behind this 

phenomenon is still under investigation and is a matter for discussion despite the fact that 

microemulsions were first recorded in the XIX century [3-10].  

Spontaneous formation of a new type of emulsions in the presence of relatively high 

surfactant concentration and high enough interfacial tension was earlier discovered [11]. 

According to Shinoda and Kunieda [11] this systems were erroneously considered as 

microemulsions, however, they are “solubilized solutions” and for such systems “swollen 

micellar solution” may be a more adequate term [11]. Usually, very large concentrations (10-

25% w/w) of a non-ionic surfactant are required to produce these so-called microemulsions 

[11, 12]. Solubility of water in hydrocarbons and vice versa has been studied extensively due 

to the high interest that energy industry has. Equations of state have been used to describe 

mutual solubility of water and several types of hydrocarbons in a wide range of pressures and 

temperature [13, 14].   

Below spontaneous formation of water in oil (w/o) emulsion, at sufficiently high 

interfacial tension in the presence of high concentration of oil soluble surfactant is 

investigated. From the very beginning it was understood that such microemulsions are 

actually swollen reverse micelles [11].  micellar solutions [11].  

Control of spontaneous emulsification might be important  in a numbers of  

applications where there is a demand for nano-sized droplets in an emulsion such as in 

personal care, cosmetics and health, care industry [15]. Alternatively, this process might be 



undesirable. An excess of surfactant is commonly used in a semi-batch process where the 

amount of disperse phase increases with time and an “over use” of surfactant takes places in 

order to avoid the depletion of surfactant at the end of the process. The existence of this 

spontaneous process should be taken in to consideration in processes where the main goal is 

to have great control over the droplet size and size distribution (e.g. in membrane 

emulsification). Processes operated over a long period of time can be more vulnerable.  

An interesting possible application of spontaneous microemulsions is the fuel industry, 

there is an interest in (w/o) emulsions, which can play a substantial role in reducing emissions 

and improving engine performance: diesel fuel emulsions have been shown to reduce NOx, 

CO, soot, hydrocarbons and particulate matter emissions when used in a compression ignition 

engine [16], and better overall efficiency [17]. In the production of uniform particles there are 

a number of w/o processes where hydrogel particles are formed by dispersing an aqueous 

phase into an oil phase, typically low odour kerosene, using membrane emulsification to form 

uniform droplets and, therefore, particles after reaction [18]. This reaction is often a 

condensation polymerisation in which water is one of the reaction products, thus nano-sized 

emulsion drops become evident during the reaction often detected as a cloudy haze. 

The spontaneous process reported below was performed using sessile droplet 

experiments where a single big water drop (surrounded by the organic phase) was monitored. 

In order to confirm the presence of aqueous nano-droplets in the organic phase, with a 

varying concentration of oil soluble surfactant, a set of experiments were designed to evaluate 

the drop size and concentration at equilibrium conditions using a nano-droplet tracking 

analysis characterisation technique. Kerosene was chosen as the organic phase because it is 

both an example of a common fuel and it is used in a number of emulsification processes [18] 

for hydrogel particles.  



2. Materials and methods 

Sessile droplet experiments were carried out to monitor time evolution of aqueous 

droplet height, radius and dynamic contact angle. The experiments were performed using a 

custom-built experimental setup, which is presented in Figure 1. The substrate used was a 

316 stainless steel (SS) sheet (0.1x25x25mm) purchased from GoodFellow Ltd. The 

substrates were chemically hydrophobically coated. The cleaning of the substrate consisted of 

placing the SS sheets in an organic solvent (methanol and/or acetone) followed by drying at 

40-50ºC for at least 30 minutes before the start of a new experiment. A DMK 23G 445 GigE 

monochrome industrial camera (Imaging source, Germany), coupled with Bi-telecentric 

lenses (OPTO Engineering, Italy), was used for monitoring the side view of the droplet. On 

the opposite side a light source was mounted parallel to the camera – telecentric HP 

Illuminator (OPTO Engineering, Italy) as shown schematically in Figure 1. 

The experimental protocol was as follows: a water droplet was deposited on the 

hydrophobic SS sheet which was surrounded by the organic phase (kerosene). The volume 

used of organic phase was about 20 mL, contained in a glass chamber of 40x40x30 mm. 

During experiments the chamber was covered in order to avoid dust deposition. The drop 

deposition was performed using a micro-syringe (500 µL) mounted in a support designed to 

improve the drop placement accuracy. 

The organic phase was low odour kerosene purchased from Sigma Aldrich. The 

surfactant Span
® 

80, purchased from Sigma Aldrich, was dissolved in the organic phase. This 

surfactant includes a sorbitol group (hydrophilic head) and a long unsaturated carbon chain 

(hydrophobic tail) and is commonly used to stabilise w/o emulsions. Its chemical structure is 

shown in Figure 2. 



  

Figure 1. Diagram of the experimental set up for sessile droplet experiments: 1 - aqueous 

droplet with (or without) added salt; 2 - organic phase with (or without) Span
® 

80 surfactant, 

3 - hydrophobic support 

 

 

Figure 2.  The chemical structure of surfactant Span
®
 80  

 

Image analysis was undertaken using a computer application of Vision Builder from 

LabView (National Instruments). The software was designed to acquire the following 

measurements of the droplet: height (h), contact angle (ϴ) and radius (r) of the droplet base. 

So the drop volume (V) could be determined using well-known equations (3) or (4).  The two 

equations allow calculating the droplet volume in two different ways. These two different 

ways of calculation of the drop volume were compared in order to evaluate the image 

analysis reliability, estimating the measurement error. The drop volume was normalised 

according to Eq. (5). The droplet was formed in the organic phase with surfactant (Figure 1). 

1 

2 

3 



Various amounts of surfactant used in the system changed the interfacial tension, up to the 

Critical Micelle Concentration (CMC). However, the spontaneous droplet formation was 

observed only at concentration above CMC, which resulted in different droplet sizes.  

Drop volume was determined using measured values of height (h) and radius of the base (r): 

 

  
  

  
        ,                                               (3) 

 

Alternatively the drop volume was also determined using measured values of the radius of the 

base (r) and contact angle (ϴ): 

  
   

 
 
                 

     
 ,                                          (4) 

The reduced droplet volume was calculated according to the following equation: 

   
    

  
,                                                      (5) 

Additional to the sessile droplets experiments, another procedure was used in order to 

gain extra information on the system under investigation. Six solutions of an aqueous phase 

with different NaCl concentrations (0%, 0.1%, 1%, 2%, 5% and 10% w/w) and four kerosene 

solutions with different Span
®
 80 concentrations were prepared. In each 10 mL of kerosene 

Span
®
 80 solutions were added to 10 mL of aqueous NaCL solutions and left undisturbed in 

hermetically closed vials (clear glass 28 mL capacity) for several hours. In total 24 vials were 

prepared in such a way. After reaching equilibrium by both phases the presence of water 

droplets in the organic phase was checked, and the concentration and size of droplets were 

determined using a NanoSight LM10 (NanoSight/Malvern, Amerbury, United Kingdom), 

equipped with a sample chamber with a 640-nm laser and a Viton fluroelastomer O-ring. The 

device was using Nano-particle Tracking Analysis (NTA) software. The samples were 

injected in to the sample chamber with sterile (5 mL) plastic syringes (BD Discardit
®
 II) until 



the liquid reached the tip of the nozzle. All measurements were carried out at room 

temperature 25
0
 C. NTA 3.0 software was used for capturing and analysing the data. Samples 

were measured for 60 seconds with manual shutter and gain adjustments. Five measurements 

of each sample were repeated and the averaged values were used. 

Interfacial tension measurements were carried out using the DCAT11 tensiometer from 

DataPhysics using the Wilhelmy-plate method. Prior to each measurement, the platinum plate 

was cleaned using a burner to remove all organic traces. To determine the CMC the 

surfactant concentration in the kerosene was subsequently increased while measuring 

interfacial tension between the kerosene and pure water.  

3. Results and discussion 

3.1. Characterization of the water droplets present in the organic phase 

The influence of both salt concentration in the aqueous phase and surfactant 

concentration of Span
®
 80 in the organic phase of spontaneous formation of aqueous droplets 

in kerosene was investigated. 

 

Figure 3. Example of the surfactant concentration influence on the self-emulsification 

process: each vial contains 10 mL of water (lower liquid layer) and 10 mL of kerosene (top 

liquid layer) with different concentration of Span
® 

80: samples BW, BX, BY and BZ contain 

pure water, 1.4, 11.4 and 114 times the CMC, respectively. There is no visible detection of 

microemulsion formation in vials BW and BX, but they are present in vials BY and BZ. 



 

Figure 3 shows that microemulsions were formed only if the concentration of micelles in the 

kerosene was higher than some critical value, which is according to our experimental results 

either equal to CMC or slightly above CMC. Observations performed during the experiments 

indicated that the turbidity in the organic phase was clearly influenced by the amount of 

surfactant present (Figure 3). Influence of salt concentration in the aqueous phase on the 

microemulsion formation was also investigated. These experiments proved that the higher 

salt concentration in the aqueous phase the lower turbidity becomes (or low concentration of 

droplets inside the kerosene). Below characterization of this process was carried out, using 

NTA size analysis: concentration of the aqueous microdroplets and their size was determined.  

Tables 1 and 2 summarise the data collected from these experiments. Higher 

concentration of surfactant promotes the self-emulsification of water in kerosene, while 

higher concentration of salt retards, or even stops, this phenomenon from happening.  

 

Table 1  Droplet concentration with salt and surfactant concentration on the spontaneous 

formation of aqueous droplets in kerosene 

Concentration of 

NaCl 

Concentration of drops (number/mL) at the following CMC values: 

(% w/w) 0x 1.14x 11.4x 114x 

0 0 6.0 x 108 2.5 x 1012 7.0 x 1012 

0.1 0 0 1.19 x 1012 3.5 x 1012 

1 0 0 2.7 x 108 1.9 x 1011 

2 0 0 7.6 x 108 1.2 x 1011 

5 0 0 7.05 x 108 9.1 x 1010 

10 0 0 2.5 x 108 1.1 x 1010 



Table 2. Aqueous droplet size with salt concentration in the aqueous phase and surfactant 

concentration in the organic phase 

Concentration of 

NaCl 

Drop size (nm) at the following CMC values: 

(% w/w) 0x 1.14x 11.4x 114x 

0 0 226 190 320 

0.1 0 0 190 290 

1 0 0 230 270 

2 0 0 210 210 

5 0 0 220 270 

10 0 0 420 240 

 

 

 

The data presented in Table 1 shows that the concentration of drops formed in the 

organic phase decreases rapidly with increasing of salt concentration. In the absence of any 

salt in the aqueous phase the maximum water drop concentration reaches 7.0x10
12

 drops per 

mL, when using a Span 80 concentration 114 times that of the CMC value. Table 2 illustrates 

a wide range of droplet sizes found in the samples that contained aqueous droplets in the 

organic phase, but the reported drop sizes are generally between 200 and 300 nanometres.  

The data suggests that self-emulsification does not occur when the surfactant 

concentration is below the CMC and that even a very low concentration of salt will stop the 

self-emulsification process when operating at a surfactant concentration close to the CMC. 

When operating at a surfactant concentration of 114 times CMC then 200 to 300 nanometre 

aqueous drops were formed at all concentrations of salt used in the aqueous phase, but with 

much reduced resulting drop concentration at increasing salt concentration. 



3.2 Sessile droplets experiments 

According to the procedure described above (two ways of calculations of the droplet 

volume) the experimental error in the drop volume calculations is less than 7%. Experiments 

on time evolution of aqueous droplets deposited on a hydrophobic substrate surrounded by an 

organic phase (kerosene) with a high amount of surfactant (Span
®
 80) in the organic phase 

are reported in this section. The concentration of surfactant used was 114 times above the 

CMC. 5 seconds after placing the water drop on the hydrophobic substrate (SS), some 

cloudiness was observed at the bottom of the droplet (Figure 4a). After 125 seconds (Figure 

4b), the cloudiness became more visible and a film started to form on the substrate in the 

vicinity of the three phase contact line. After around 1 hour (Figure 4d), the film became 

large enough to be observed using the top camera. The film had a circular shape around the 

droplet base and its diameter increased with time. It was observed after 8h that the main 

droplet was becoming noticeably smaller and the film thicker with time. Hence, during this 

experiment spontaneous emulsification was happening over a prolonged period of time, 

transferring water from the main drop to the surrounding film via microemulsion droplets 

within the continuous phase (kerosene). 

 

 

 

 

 

t1=5 s 

 

t2=125 s 

 

t3=1 h 

4a

a 

4b 4c 



 

t4=8 h 

 

t5=22 h  

 

t6=48 h 

Figure 4. Formation of a cloud of nano-sized droplets and a film at the droplet base assisted 

by swollen micelles present in the organic phase (kerosene) 

 

The critical micelle concentration of Span
®
 80 in kerosene was determined by 

interfacial tension measurements, and found to be 0.51 ± 0.07 mM. The interfacial tension 

between water and kerosene at the CMC is 4.0 ± 0.1 mN/m. This value agrees well with the 

literature data [19]. According to Peltonen measurements [20] this surfactant apparently has 

higher interfacial tension at the CMC using a pure alkane (hexane) instead of a mixture of 

alkanes and some residual aromatics hydrocarbons present in the low odour kerosene. 

The water drop volume behaviour for four different Span
®
 80 concentrations was also 

investigated. The phenomenon described above (film formation around the droplet base) was 

only observed when Span
®
 80 concentrations used was above 11.4 CMC. After a certain time 

contact angle could not be measured anymore due to the presence of the surrounding water 

film. Therefore, the volume on time dependences presented in Figure 5 were determined 

using just the height of the droplet and assuming that radius of the droplet was constant. 

It can be seen in Figure 5 that the decrease of the drop volume is faster when the 

number of micelles in the organic phase is higher. This implies that the mass transfer of water 

in the organic phase is influenced by the presence of reverse micelles. The decrease of 

volume of aqueous droplet shows a linear behaviour when surfactant is not present in organic 

phase. The rate (dV/dt) determined is this case was 1.8 nL/h. However, in presence of 

4d 4e 4f 



surfactants above the critical concentration (11.4 and 114 times its CMC), the water drop 

volume decreases logarithmically. 

 

 

 

Figure 5. Higher concentrations of surfactant, present in the surrounding phase promotes the 

faster shrinking of the water drop, speeding up the mass transfer of water from the drop to the 

surrounding phase.  

 

In this system the reverse micelles solubilise water molecules and transfer through the 

organic phase. The micelles swell over time and, eventually become large enough to scatter 

light and to sink to form the film of water around the main water drop.  The process is shown 

schematically in Figure 6. 
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Figure 6. Schematic representation of spontaneous emulsification being driven by the swollen 

micelles 

 

As soon as the water molecules “escape” from the droplet they are surrounded by the 

micelles which solubilise them and swell. Due to the buoyancy effect, these swollen micelles 

roll down to the bottom forming a film. Different salt concentrations were tested in the 

aqueous phase. According to part 3.1 the increased salt concentration should inhibit the mass 

transfer of water into the organic phase. A range of NaCl concentrations in the aqueous drop 

was investigated, the results are shown in Figure 7. 

 

Figure 7. Influence of salt in the aqueous phase on the drop volume evolution  

 

Figure 7 shows that different concentrations of NaCl in the water phase have a clear 

influence on the transfer of water molecules to swollen micelles. Higher concentrations of 

salt slow down the transfer process. At a concentration of 10% (w/w) NaCl the droplet barely 

changes its volume for almost 250000 seconds (70 hours). It is important to note that during 
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mass transfer the salt concentration in the water droplet increases over time which explains 

the non-linear behaviour of the droplet volume shrinking with time for lower ratios of CMC. 

Conclusions 

Spontaneous formation of aqueous microdroplet in an organic phase (kerosene) at 

interfacial tensions not lower than 4 mN/m was observed, which was assisted by the presence 

of reverse micelles in the kerosene. Usually, spontaneous emulsification is associated in 

microemulsions with ultra-low interfacial tensions as the main characteristic of this process. 

Thus, it was shown that spontaneous emulsification can also be driven by the solubilisation of 

water molecules inside the swollen reverse micelles. The size of the microemulsion droplet 

(or swollen micelles) was found in the range of 200 nm. 

The swollen micelles present in the organic phase make the organic phase cloudy, 

which proves the presence of aqueous droplets in the system. It is shown also that the 

presence of salt in the aqueous phase inhibits microdroplet formation. Sessile aqueous 

droplets placed inside the kerosene phase were dissolved in kerosene through formation and 

growth of droplets, which form an aqueous film at the droplet base. 
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Abstract 

Spontaneous formation of aqueous droplets in kerosene was observed, which was 

facilitated by the presence of an oil soluble surfactant: Span
®
 80 at concentrations above 

CMC. Kerosene/water interfacial tension under all conditions studied was not lower than 4 

mN/m. Therefore, ultra-low interfacial tension was not required for this process to occur 

spontaneously. The process was caused by a transfer of water molecules to swollen reversed 

micelles. The influence of both the surfactant concentration in the organic phase and NaCl 

concentration in the aqueous phase on spontaneous aqueous droplet formation was 

investigated. Nano-sizing analyse of the drops was performed, which showed the droplets 

sizes in between 100 and 400 nm. It is proven that the presence of salt in the aqueous phase 

inhibits droplet formation. It is shown that big sessile aqueous droplets deposited on a 

hydrophobic substrate inside the kerosene phase were dissolved in kerosene through 

formation and growth of droplets, which form an aqueous film at the droplet base. 
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1. Introduction 

Emulsions consist of a discontinuous phase (droplets), a continuous phase (liquid 

surrounding the droplets) and an interface where surfactants are usually present, lowering the 

interfacial tension and, therefore, decreasing the free energy for formation and stabilizing the 

two phase system. Energy input is required, generally mechanical, to disperse the 

discontinuous phase in the continuous phase and to create the additional interfacial area. The 

Gibbs free energy increase of the system (ΔG), at constant composition and pressure after 

mixing is as follows: 

             ,                                           (1) 

where ΔS is an entropy increase, A is the increase of the interface, T is temperature in 

Kelvin and   is an interfacial tension.  

For the spontaneous formation of emulsions G should be negative, hence, the 

interfacial tension (   should is very low [1].  

The extent of surfactant adsorption at a liquid surface is expressed in terms of its 

surface excess concentration, . Surface excess concentration is related to surface tension by 

the Gibbs equation, which for a non-ionic surfactant takes the form [2]:  

   
 

  

  

  
  

 

  
 

  

     
                                            (2) 

 

where c is the surfactant concentration. It becomes possible to estimate the area occupied by 

each adsorbed surfactant molecule at known  [2]. 

Microemulsions are an example of thermodynamically stable and macroscopically 

homogeneous mixtures of water, oil and surfactant. They form spontaneously and they are 

characterised by ultra-low interfacial tension (<0.1 mN/m) between water and oil, thus 



minimising the required amount of energy to form the new surface area as shown in Eq (1). 

Microemulsions can be opaque or transparent depending on the size and concentration of 

droplets in the emulsion. In the case of ultralow interfacial tension this type of emulsification 

does not require energy input, as the ultralow interfacial tension leads to a spontaneous 

emulsification when the phases are brought in contact [1]. The full mechanism behind this 

phenomenon is still under investigation and is a matter for discussion despite the fact that 

microemulsions were first recorded in the XIX century [3-10].  

Spontaneous formation of a new type of emulsions in the presence of relatively high 

surfactant concentration and high enough interfacial tension was earlier discovered [11]. 

According to Shinoda and Kunieda [11] this systems were erroneously considered as 

microemulsions, however, they are “solubilized solutions” and for such systems “swollen 

micellar solution” may be a more adequate term [11]. Usually, very large concentrations (10-

25% w/w) of a non-ionic surfactant are required to produce these so-called microemulsions 

[11, 12]. Solubility of water in hydrocarbons and vice versa has been studied extensively due 

to the high interest that energy industry has. Equations of state have been used to describe 

mutual solubility of water and several types of hydrocarbons in a wide range of pressures and 

temperature [13, 14].   

Below spontaneous formation of water in oil (w/o) emulsion, at sufficiently high 

interfacial tension in the presence of high concentration of oil soluble surfactant is 

investigated. From the very beginning it was understood that such microemulsions are 

actually swollen reverse micelles [11].  micellar solutions [11].  

Control of spontaneous emulsification might be important  in a number of  applications 

where there is a demand for nano-sized droplets in an emulsion such as in personal care, 

cosmetics and health, care industry [15]. Alternatively, this process might be undesirable. An 

excess of surfactant is commonly used in a semi-batch process where the amount of disperse 



phase increases with time and an “over use” of surfactant takes places in order to avoid the 

depletion of surfactant at the end of the process. The existence of this spontaneous process 

should be taken in to consideration in processes where the main goal is to have great control 

over the droplet size and size distribution (e.g. in membrane emulsification). Processes 

operated over a long period of time can be more vulnerable.  

An interesting possible application of spontaneous microemulsions is the fuel industry, 

there is an interest in (w/o) emulsions, which can play a substantial role in reducing emissions 

and improving engine performance: diesel fuel emulsions have been shown to reduce NOx, 

CO, soot, hydrocarbons and particulate matter emissions when used in a compression ignition 

engine [16], and better overall efficiency [17]. In the production of uniform particles there are 

a number of w/o processes where hydrogel particles are formed by dispersing an aqueous 

phase into an oil phase, typically low odour kerosene, using membrane emulsification to form 

uniform droplets and, therefore, particles after reaction [18]. This reaction is often a 

condensation polymerisation in which water is one of the reaction products, thus nano-sized 

emulsion drops become evident during the reaction often detected as a cloudy haze. 

The spontaneous process reported below was performed using sessile droplet 

experiments where a single big water drop (surrounded by the organic phase) was monitored. 

In order to confirm the presence of aqueous nano-droplets in the organic phase, with a 

varying concentration of oil soluble surfactant, a set of experiments were designed to evaluate 

the drop size and concentration at equilibrium conditions using a nano-droplet tracking 

analysis characterisation technique. Kerosene was chosen as the organic phase because it is 

both an example of a common fuel and it is used in a number of emulsification processes [18] 

for hydrogel particles.  



2. Materials and methods 

Sessile droplet experiments were carried out to monitor time evolution of aqueous 

droplet height, radius and dynamic contact angle. The experiments were performed using a 

custom-built experimental setup, which is presented in Figure 1. The substrate used was a 

316 stainless steel (SS) sheet (0.1x25x25mm) purchased from GoodFellow Ltd. The 

substrates were chemically hydrophobically coated. The cleaning of the substrate consisted of 

placing the SS sheets in an organic solvent (methanol and/or acetone) followed by drying at 

40-50ºC for at least 30 minutes before the start of a new experiment. A DMK 23G 445 GigE 

monochrome industrial camera (Imaging source, Germany), coupled with Bi-telecentric 

lenses (OPTO Engineering, Italy), was used for monitoring the side view of the droplet. On 

the opposite side a light source was mounted parallel to the camera – telecentric HP 

Illuminator (OPTO Engineering, Italy) as shown schematically in Figure 1. 

The experimental protocol was as follows: a water droplet was deposited on the 

hydrophobic SS sheet which was surrounded by the organic phase (kerosene). The volume 

used of organic phase was about 20 mL, contained in a glass chamber of 40x40x30 mm. 

During experiments the chamber was covered in order to avoid dust deposition. The drop 

deposition was performed using a micro-syringe (500 µL) mounted in a support designed to 

improve the drop placement accuracy. 

The organic phase was low odour kerosene purchased from Sigma Aldrich. The 

surfactant Span
® 

80, purchased from Sigma Aldrich, was dissolved in the organic phase. This 

surfactant includes a sorbitol group (hydrophilic head) and a long unsaturated carbon chain 

(hydrophobic tail) and is commonly used to stabilise w/o emulsions. Its chemical structure is 

shown in Figure 2. 



  

Figure 1. Diagram of the experimental set up for sessile droplet experiments: 1 - aqueous 

droplet with (or without) added salt; 2 - organic phase with (or without) Span
® 

80 surfactant, 

3 - hydrophobic support 

 

 

Figure 2.  The chemical structure of surfactant Span
®
 80  

 

Image analysis was undertaken using a computer application of Vision Builder from 

LabView (National Instruments). The software was designed to acquire the following 

measurements of the droplet: height (h), contact angle (ϴ) and radius (r) of the droplet base. 

So the drop volume (V) could be determined using well-known equations (3) or (4).  The two 

equations allow calculating the droplet volume in two different ways. These two different 

ways of calculation of the drop volume were compared in order to evaluate the image 

analysis reliability, estimating the measurement error. The drop volume was normalised 

according to Eq. (5). The droplet was formed in the organic phase with surfactant (Figure 1). 

1 

2 

3 



Various amounts of surfactant used in the system changed the interfacial tension, up to the 

Critical Micelle Concentration (CMC). However, the spontaneous droplet formation was 

observed only at concentration above CMC, which resulted in different droplet sizes.  

Drop volume was determined using measured values of height (h) and radius of the base (r): 

 

  
  

  
        ,                                               (3) 

 

Alternatively the drop volume was also determined using measured values of the radius of the 

base (r) and contact angle (ϴ): 
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The reduced droplet volume was calculated according to the following equation: 

   
    

  
,                                                      (5) 

Additional to the sessile droplets experiments, another procedure was used in order to 

gain extra information on the system under investigation. Six solutions of an aqueous phase 

with different NaCl concentrations (0%, 0.1%, 1%, 2%, 5% and 10% w/w) and four kerosene 

solutions with different Span
®
 80 concentrations were prepared. In each 10 mL of kerosene 

Span
®
 80 solutions were added to 10 mL of aqueous NaCL solutions and left undisturbed in 

hermetically closed vials (clear glass 28 mL capacity) for several hours. In total 24 vials were 

prepared in such a way. After reaching equilibrium by both phases the presence of water 

droplets in the organic phase was checked, and the concentration and size of droplets were 

determined using a NanoSight LM10 (NanoSight/Malvern, Amerbury, United Kingdom), 

equipped with a sample chamber with a 640-nm laser and a Viton fluroelastomer O-ring. The 

device was using Nano-particle Tracking Analysis (NTA) software. The samples were 

injected in to the sample chamber with sterile (5 mL) plastic syringes (BD Discardit
®
 II) until 



the liquid reached the tip of the nozzle. All measurements were carried out at room 

temperature 25
0
 C. NTA 3.0 software was used for capturing and analysing the data. Samples 

were measured for 60 seconds with manual shutter and gain adjustments. Five measurements 

of each sample were repeated and the averaged values were used. 

Interfacial tension measurements were carried out using the DCAT11 tensiometer from 

DataPhysics using the Wilhelmy-plate method. Prior to each measurement, the platinum plate 

was cleaned using a burner to remove all organic traces. To determine the CMC the 

surfactant concentration in the kerosene was subsequently increased while measuring 

interfacial tension between the kerosene and pure water.  

3. Results and discussion 

3.1. Characterization of the water droplets present in the organic phase 

The influence of both salt concentration in the aqueous phase and surfactant 

concentration of Span
®
 80 in the organic phase of spontaneous formation of aqueous droplets 

in kerosene was investigated. 

 

Figure 3. Example of the surfactant concentration influence on the self-emulsification 

process: each vial contains 10 mL of water (lower liquid layer) and 10 mL of kerosene (top 

liquid layer) with different concentration of Span
® 

80: samples BW, BX, BY and BZ contain 

pure water, 1.14, 11.4 and 114 times the CMC, respectively. There is no visible detection of 

microemulsion formation in vials BW and BX, but they are present in vials BY and BZ. 



 

Figure 3 shows that microemulsions were formed only if the concentration of micelles in the 

kerosene was higher than some critical value, which is according to our experimental results 

either equal to CMC or slightly above CMC. Observations performed during the experiments 

indicated that the turbidity in the organic phase was clearly influenced by the amount of 

surfactant present (Figure 3). Influence of salt concentration in the aqueous phase on the 

microemulsion formation was also investigated. These experiments proved that the higher 

salt concentration in the aqueous phase the lower turbidity becomes (or low concentration of 

droplets inside the kerosene). Below characterization of this process was carried out, using 

NTA size analysis: concentration of the aqueous microdroplets and their size was determined.  

Tables 1 and 2 summarise the data collected from these experiments. Higher 

concentration of surfactant promotes the self-emulsification of water in kerosene, while 

higher concentration of salt retards, or even stops, this phenomenon from happening.  

 

Table 1  Droplet concentration with salt and surfactant concentration on the spontaneous 

formation of aqueous droplets in kerosene 

Concentration of 

NaCl 

Concentration of drops (number/mL) at the following CMC values: 

(% w/w) 0x 1.14x 11.4x 114x 

0 0 6.0 x 108 2.5 x 1012 7.0 x 1012 

0.1 0 0 1.19 x 1012 3.5 x 1012 

1 0 0 2.7 x 108 1.9 x 1011 

2 0 0 7.6 x 108 1.2 x 1011 

5 0 0 7.05 x 108 9.1 x 1010 

10 0 0 2.5 x 108 1.1 x 1010 



Table 2. Aqueous droplet size with salt concentration in the aqueous phase and surfactant 

concentration in the organic phase 

Concentration of 

NaCl 

Drop size (nm) at the following CMC values: 

(% w/w) 0x 1.14x 11.4x 114x 

0 0 226 190 320 

0.1 0 0 190 290 

1 0 0 230 270 

2 0 0 210 210 

5 0 0 220 270 

10 0 0 420 240 

 

 

 

The data presented in Table 1 shows that the concentration of drops formed in the 

organic phase decreases rapidly with increasing of salt concentration. In the absence of any 

salt in the aqueous phase the maximum water drop concentration reaches 7.0x10
12

 drops per 

mL, when using a Span 80 concentration 114 times that of the CMC value. Table 2 illustrates 

a wide range of droplet sizes found in the samples that contained aqueous droplets in the 

organic phase, but the reported drop sizes are generally between 200 and 300 nanometres.  

The data suggests that self-emulsification does not occur when the surfactant 

concentration is below the CMC and that even a very low concentration of salt will stop the 

self-emulsification process when operating at a surfactant concentration close to the CMC. 

When operating at a surfactant concentration of 114 times CMC then 200 to 300 nanometre 

aqueous drops were formed at all concentrations of salt used in the aqueous phase, but with 

much reduced resulting drop concentration at increasing salt concentration. 



3.2 Sessile droplets experiments 

According to the procedure described above (two ways of calculations of the droplet 

volume) the experimental error in the drop volume calculations is less than 7%. Experiments 

on time evolution of aqueous droplets deposited on a hydrophobic substrate surrounded by an 

organic phase (kerosene) with a high amount of surfactant (Span
®
 80) in the organic phase 

are reported in this section. The concentration of surfactant used was 114 times above the 

CMC. 5 seconds after placing the water drop on the hydrophobic substrate (SS), some 

cloudiness was observed at the bottom of the droplet (Figure 4a). After 125 seconds (Figure 

4b), the cloudiness became more visible and a film started to form on the substrate in the 

vicinity of the three phase contact line. After around 1 hour (Figure 4d), the film became 

large enough to be observed using the top camera. The film had a circular shape around the 

droplet base and its diameter increased with time. It was observed after 8h that the main 

droplet was becoming noticeably smaller and the film thicker with time. Hence, during this 

experiment spontaneous emulsification was happening over a prolonged period of time, 

transferring water from the main drop to the surrounding film via microemulsion droplets 

within the continuous phase (kerosene). 
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Figure 4. Formation of a cloud of nano-sized droplets and a film at the droplet base assisted 

by swollen micelles present in the organic phase (kerosene) 

 

The critical micelle concentration of Span
®
 80 in kerosene was determined by 

interfacial tension measurements, and found to be 0.51 ± 0.07 mM. The interfacial tension 

between water and kerosene at the CMC is 4.0 ± 0.1 mN/m. This value agrees well with the 

literature data [19]. According to Peltonen measurements [20] this surfactant apparently has 

higher interfacial tension at the CMC using a pure alkane (hexane) instead of a mixture of 

alkanes and some residual aromatics hydrocarbons present in the low odour kerosene. 

The water drop volume behaviour for four different Span
®
 80 concentrations was also 

investigated. The phenomenon described above (film formation around the droplet base) was 

only observed when Span
®
 80 concentrations used was above 11.4 CMC. After a certain time 

contact angle could not be measured anymore due to the presence of the surrounding water 

film. Therefore, the volume on time dependences presented in Figure 5 were determined 

using just the height of the droplet and assuming that radius of the droplet was constant. 

It can be seen in Figure 5 that the decrease of the drop volume is faster when the 

number of micelles in the organic phase is higher. This implies that the mass transfer of water 

in the organic phase is influenced by the presence of reverse micelles. The decrease of 

volume of aqueous droplet shows a linear behaviour when surfactant is not present in organic 

phase. The rate (dV/dt) determined is this case was 1.8 nL/h. However, in presence of 

4d 4e 4f 



surfactants above the critical concentration (11.4 and 114 times its CMC), the water drop 

volume decreases logarithmically. 

 

 

 

Figure 5. Influence of surfactant concentration on the water sessile droplet solubilisation in to 

the surrounding phase 

 

In this system the reverse micelles solubilise water molecules and transfer through the 

organic phase. The micelles swell over time and, eventually become large enough to scatter 

light and to sink to form the film of water around the main water drop.  The process is shown 

schematically in Figure 6. 
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Figure 6. Schematic representation of spontaneous emulsification being driven by the swollen 

micelles 

 

As soon as the water molecules “escape” from the droplet they are surrounded by the 

micelles which solubilise them and swell. Due to the buoyancy effect, these swollen micelles 

roll down to the bottom forming a film. Different salt concentrations were tested in the 

aqueous phase. According to part 3.1 the increased salt concentration should inhibit the mass 

transfer of water into the organic phase. A range of NaCl concentrations in the aqueous drop 

was investigated, the results are shown in Figure 7. 

 

Figure 7. Influence of salt in the aqueous phase on the drop volume evolution  

 

Figure 7 shows that different concentrations of NaCl in the water phase have a clear 

influence on the transfer of water molecules to swollen micelles. Higher concentrations of 

salt slow down the transfer process. At a concentration of 10% (w/w) NaCl the droplet barely 

changes its volume for almost 250000 seconds (70 hours). It is important to note that during 
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mass transfer the salt concentration in the water droplet increases over time which explains 

the non-linear behaviour of the droplet volume shrinking with time for lower ratios of CMC. 

Conclusions 

Spontaneous formation of aqueous microdroplet in an organic phase (kerosene) at 

interfacial tensions not lower than 4 mN/m was observed, which was assisted by the presence 

of reverse micelles in the kerosene. Usually, spontaneous emulsification is associated in 

microemulsions with ultra-low interfacial tensions as the main characteristic of this process. 

Thus, it was shown that spontaneous emulsification can also be driven by the solubilisation of 

water molecules inside the swollen reverse micelles. The size of the microemulsion droplet 

(or swollen micelles) was found in the range of 200 nm. 

The swollen micelles present in the organic phase make the organic phase cloudy, 

which proves the presence of aqueous droplets in the system. It is shown also that the 

presence of salt in the aqueous phase inhibits microdroplet formation. Sessile aqueous 

droplets placed inside the kerosene phase were dissolved in kerosene through formation and 

growth of droplets, which form an aqueous film at the droplet base. 
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Spontaneous formation of aqueous droplets in kerosene was observed, which was 

facilitated by the presence of an oil soluble surfactant: Span
®
 80 at concentrations above 

CMC. Kerosene/water interfacial tension under all conditions studied was not lower than 4 

mN/m. Therefore, ultra-low interfacial tension was not required for this process to occur 

spontaneously. The process was caused by a transfer of water molecules to swollen reversed 

micelles. The influence of both the surfactant concentration in the organic phase and NaCl 

concentration in the aqueous phase on spontaneous aqueous droplet formation was 

investigated. Nano-sizing analyse of the drops was performed, which showed the droplets 

sizes in between 100 and 400 nm. It is proven that the presence of salt in the aqueous phase 

inhibits droplet formation. It is shown that big sessile aqueous droplets deposited on a 

hydrophobic substrate inside the kerosene phase were dissolved in kerosene through 

formation and growth of droplets, which form an aqueous film at the droplet base. 
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