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Abstract 

 

Stirred cell membrane emulsification, using flat metal discs with pore sizes between 

15 and 40 m, were used to create double emulsions of water-in-oil-in-water droplets. 

The oil phase was a lipid, most often unrefined pumpkin seed oil, with a few 

comparative tests using sunflower oil. The drops contained an internal water phase of 

30% by volume and oil fluxes of up to 3200 L m
-2 

h
-1

 were used. The drops were 

stabilized using 2% Tween 20 (polyoxyethylene sorbitan monolaurate), or 2% 

Pluronic F-68 (polyoxyethylene-polyoxypropylen copolymer) as the outer aqueous 

surfactant solution. Median drop sizes were in the range between 100 and 430 m, 

depending on the process conditions: mainly shear at the membrane surface and 

dispersed phase injection rate. In most cases the drops were very uniform, with span 
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(i.e. 90% drop size minus 10% drop size divided by median size) values of around 

0.5. This data is similar to what was obtained previously for simple O/W emulsions of 

the same materials. Hence, the internal water phase, and internal surfactant, 5% PGPR 

(polyglycerol polyricinoleate), did not adversely influence the emulsification process. 

A marker material, copper sulfate, was added to the internal water phase and the 

release of copper was monitored with respect to time. For both lipid systems, at the 

larger droplet size, there was a significant period of no copper release, followed by 

almost linear release with time. This initial period was absent when the drop size was 

close to 100 m. The initial entrapment efficiency of the copper, in all experiments, 

was higher than 94%. 

 

Keywords: Membrane emulsification; stirred cell; pumpkin seed oil; multiple 

emulsions; encapsulation efficiency.  

 

1. Introduction 

Multiple emulsions [1] have attracted significant interest in the past several decades. 

They have potential applications in the pharmaceutical industry, such as carriers of 

active pharmaceutical ingredients, e.g. in drug delivery systems [2]; cosmetics, e.g. 

deposition of water soluble benefit agents onto skin [3]; and the food industry, e.g. 

encapsulation of flavours [4, 5], production of food with lower fat content [6] and 

protection of sensitive and active food components from a local harsh environment 

[7]. Multiple emulsions are very suitable for encapsulation of hydrophilic bioactive 

components, such as: vitamin B [8], immunoglobulin [9], insulin [10] and amino 

acids [8, 11], and they are also useful for preparation of delivery systems that contains 
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lipophilic encapsulants, such as flavour [12] and both lipophilic and hydrophilic 

bioactive components in the same system [8].  

 

Multiple emulsions are complex systems where both water-in-oil (W/O) and oil-in-

water (O/W) emulsion types exist simultaneously [13]. Water-in-oil-in-water 

(W/O/W) emulsions contain small primary water droplets within larger oil droplets 

while the oil droplets are dispersed within the secondary continuous water phase. In 

the second step of the emulsification process, when the W/O/W droplets are produced, 

carefully controlled shear needs to be applied as there is a requirement not to rupture 

the primary emulsion [14], which would lead to a lowering of the encapsulation 

efficiency. Also, many ingredients suitable for multiple emulsions are temperature 

and shear sensitive, and application of high shear would lead to deterioration in their 

properties [15]. Membrane emulsification (ME) can be used to prepare emulsions, 

with low mechanical stress [16] or even without any shear [17], at a low energy input 

compared with conventional emulsification methods and with better control of droplet 

size [18]. Crossflow ME, where dispersed phase is pressed through the microporous 

membrane while continuous phase flows along the membrane surface, is not 

convenient for production of larger droplets, typically over 15 μm, due to the need to 

recycle the dispersion over the membrane surface leading to damage to the previously 

formed drops within the pump and fittings of the system [19]. Larger diameter drops 

are appropriate for controlled release applications, or encapsulations, in food 

supplements and for crop nutrients and are often a precursor to the formation of a 

complex coacervate encapsulated particle. 
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Unrefined pumpkin seed oil is particularly rich in omega-3 fatty acids [20] and 

tocopherol [21] and should be emulsified under low shear conditions to avoid heating 

and lipid oxidation. Pumpkin seed oil has a rich flavour which is easily lost if heated, 

therefore, membrane emulsification seems to be a very convenient technique for 

production of emulsions of unrefined pumpkin seed oil of high biological value and 

desired organoleptic properties.  

 

Other related methods of producing W/O/W emulsions include microfabricated 

channel arrays [22-24], T-junction [25] and flow focusing channels [26]. These 

techniques can provide exceptionally uniform droplets and high encapsulation 

efficiency, but in all cases they have very low productivity (1 to 10 mL per hour at 

pore sizes equivalent to the work reported here) restricting their use to laboratory 

investigation of formulation conditions. They do not provide a readily scalable 

technique for commercial production. A previous study using stirred cell 

emulsification of single emulsions of unrefined pumpkin seed oil, and refined 

sunflower oil, using the Micropore Technologies Dispersion Cell [27] demonstrated 

the feasibility of the technique. Scaling from the stirred cell approach to an oscillating 

membrane system was also demonstrated [28], whereby it would be possible to 

provide greater membrane area for commercial applications.  

 

The aim of this work was to investigate the influence of the internal phase content, 

shear at the membrane, membrane pore size, and flux through the membrane on the 

production of multiple emulsions using a metal disc membrane in the Dispersion Cell. 

The encapsulation efficiency of a marker (copper salt) was also investigated. To 

predict the droplet size a model introduced in previous work for simple emulsions 
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[27] was used. The droplet diameter x is calculated from a force balance of the 

capillary force (function of interfacial tension and pore size) and the drag force 

(function of a shear stress and the droplet size) acting on a strongly deformed droplet 

at a single membrane pore: 

av
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where rp is the pore radius, av is the average shear stress,  is the interfacial tension 

and x is the formed droplet diameter. The average shear over the whole membrane 

area is given by:
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where Dm is the effective diameter of the membrane, i.e. the diameter exposed to the 

continuous phase, rtrans is transitional radius (where the shear stress reaches the 

maximal value) [27], r is distance from the membrane centre,  is the continuous 

phase density,  is the angular velocity,  is the continuous phase coefficient of 

dynamic viscosity and δ is boundary layer thickness  / . 

 

For the purposes of modelling the release of an encapsulated species a diffusion based 

model was assumed: 
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where q is the concentration of the encapsulated species expressed as grams of species 

encapsulated divided by grams of total particle, t is time, rx is the radial position 

within the particle (or W/O/W composite drop) and Deff is the ‘effective’ diffusion 



 6 

coefficient for the transferring species within the drop. At the start of the release 

period, the concentration of the encapsulated species in the surrounding water phase is 

zero and it is assumed to remain negligible; providing one boundary condition for the 

solution of equation (3) together with a differential lower boundary where: 

          0
0






rr

q
 

which is a statement that the concentration of the transferring species is symmetrical 

within the drop/particle, in spherical polar coordinates, around the origin of the drop. 

Equation (3) can be solved numerically for the concentration of the encapsulated 

species with both radial position and time using these boundary conditions and an 

initial condition based on a knowledge of the total mass of encapsulated species 

within the drop, which is assumed to be uniformly distributed at the start of the 

release process. A material balance can be used to calculate the mass of encapsulated 

species leaving the drop/particle and, therefore, the resulting concentration of the 

species within the exterior water phase, which may then be used to predict the 

variation of encapsulation efficiency with time (i.e. the release profile). 

 

2. Experimental 

2.1. Materials 

The oil phase (O) in W1/O/W2 emulsions was 5 wt.% PGPR (polyglycerol 

polyricinoleate from Stepan Limited, UK) dissolved in unrefined pumpkin seed oil 

(density of 913 kg m
−3

 at 298 K kindly donated by GEA Tovarna Olja, Slovenia) or 

refined sunflower oil (food grade from a local supermarket). The inner aqueous phase 

(W1) was pure (demineralised) water. Where appropriate, the inner water phase 

contained 2000 ppm CuSO4 (copper sulphate, Fisher Scientific, UK) to investigate 

encapsulation efficiency. The outer aqueous phase (W2) for stabilising the W1/O 
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emulsion contained 2 wt.% Tween
®
 20 (polyoxyethylene sorbitan monolaurate from 

Fluka, UK). The formulation of the product emulsions and the range of particle sizes 

obtained are listed in Table 1. The density of oil and continuous phase was measured 

using an Anton Paar digital density meter (model DMA 46, Graz, Austria). The oil 

viscosity was measured using HAAKE RheoStress
®
 model RS600 rheometer with 

sensor C60/1° Ti and a gap of 51 μm (Thermo Electron, Karlsruhe, Germany). The 

continuous phase viscosities were measured with a Cannon-Ubbelohde model 9721-

K50 viscometer (CANNON
®
 Instrument Company, USA). The equilibrium interfacial 

tensions at the oil/water interface were measured by the Du Nouy ring method using a 

White Electric Instrument tensiometer (model DB2KS). The physical properties of the 

surfactant solutions and the equilibrium interfacial tensions for the two different oils 

used are listed in Table 2.  

 

2.2. Membranes and membrane module 

The emulsions were obtained using a Dispersion Cell with a flat disc membrane under 

the paddle blade stirrer, as shown in Fig. 1. Both Dispersion Cell and membranes 

were supplied by Micropore Technologies Ltd. (Loughborough, UK). The agitator 

was driven by a 24 V DC motor and power supply (INSTEK Model PR 3060) and 

paddle rotation speed in the range from 3.8 to 25 Hz (230 to 1500 rpm) was controlled 

by the applied voltage. The membranes used were nickel membranes containing 

uniform cylindrical pores with a diameter of 10, 20, 30 or 40 μm and a pore spacing 

of 200 μm. The porosity of the membranes [37] was 0.2, 0.9, 2 and 3.6%, 

respectively. A perfectly ordered hexagonal array of pores with a pore at the centre of 

each hexagonal cell can be seen on the micrograph in Fig. 1. 
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2.3. Experimental procedure 

W1/O/W2 emulsions were prepared by a two-step emulsification procedure. The W1/O 

emulsion was prepared by means of a homogeniser (Ultra Turrax
®
, model T25, IKA 

Works, USA) at 24,000 rpm for 5 min which ensured that the mean droplet size of 

inner oil droplets was about 0.5 µm [29]. The W1/O emulsion was injected through 

the membrane (pre-soaked in a proprietary wetting agent for at least 30 min to 

increase the hydrophilicity of the surface) using a peristaltic pump (Watson-Marlow-

Bredel Pump 101U/R, Cornwall, UK) at the constant flow rate of 0.5–50 mL min
−1

, 

corresponding to the dispersed phase fluxes of 30–3200 L m
−2

 h
−1

. Rotation speed of 

the stirrer placed on top of the membrane ranged from 230 to 1330 rpm (equal to 

shear stresses between 1 to 18 Pa [27]). The initial volume of surfactant solution in 

the cell was 125 cm
3
 and the experiments were run until the dispersed phase 

concentration reached 5 vol.%. Once the desired amount of oil had passed through the 

membrane, both the pump and the agitator were switched off and the droplets were 

collected and analyzed. The membrane was cleaned with 8 M NaOH in an ultrasonic 

bath for 5 min followed by treatment in 10 vol.% HCl solution for 5 min. To evaluate 

the drop-size distribution and droplet diameter, a laser diffraction particle size 

analyzer (Malvern Mastersizer, Model S) was used. For each emulsion, three separate 

samples and measurements were performed and the mean average of these is reported. 

The particle size was expressed as the volume median diameter d(v,0.5), which is the 

diameter corresponding to 50 vol.% on the cumulative distribution curve. The relative 

span of a drop size distribution was used to express the degree of drop size 

uniformity: span=[d(v,0.9)−d(v,0.1)]/d(v,0.5). Photomicrographs of the prepared 

emulsions were also taken, to confirm the droplet size reported by Malvern 
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Mastersizer S. The photomicrographs of membrane surface and emulsions were taken 

using a Leitz Ergolux optical microscope. 

 

2.4. Measurement of encapsulation efficiency of the marker substance 

For measuring the encapsulation efficiency of the internal water phase (W1) 

CuSO4.6H2O (Sigma-Aldrich Company Ltd., UK) was dissolved giving a Cu 

concentration of 2000 ppm. The encapsulation efficiency was determined by 

separating the W1/O drops from the outer water phase using disposable Vivaspin 

centrifugal ultrafilters (Sartorius AG, Goettingen, Germany). These ultrafilters are 

equipped with polyethersulfone (PES) membranes with a mean pore size of 0.2 μm 

and effective area of 2.5 cm
2
. Ultrafiltration was carried out at 1300 rpm for 40 min 

using a Heraeus Labofuge 400R centrifuge (Thermo Scientific, Germany). Cu 

concentration in the filtrate was then measured using an Atomic Absorbance 

Spectrophotometer (AAS) (Spectra AA-200 Varian, UK).  

 

The encapsulation efficiency (Y) was expressed as the fraction of copper that 

remained encapsulated within the water droplets after multiple emulsion production 

[38]: 

i

ei

M

MM
Y


           (4)  

where Mi is the mass of copper initially present in the internal water droplets in the 

W/O emulsion and Me is the mass of copper present in the external water phase in the 

W/O/W emulsion after homogenization. 

 

The encapsulation efficiency is calculated by assuming that the amount of copper 

released from the inner water droplets is proportional to the amount of water released 
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and that the copper is released due to expulsion of the internal water droplets during 

formation of the W/O/W emulsion, or with time during release profile studies. The 

mass of copper initially present in the internal water droplets in the W/O emulsion is 

then given by 

WOWWOWWOiiii VCVCM           (5) 

The mass of copper present in the external water phase in the W/O/W emulsion after 

emulsification is then given by [30] 

       WOWWOWOWeeieee YVCVYVCM   111   (6) 

Here, Ci is the copper concentration in the internal aqueous phase of the W/O 

emulsion and Ce is the copper concentration measured in the external aqueous phase 

of the W1/O/W2 emulsion after emulsification. Vi, Ve, and VWOW are the volume of the 

internal water phase used to prepare the W1/O emulsion, the volume of the external 

water phase used to prepare the W1/O/W2 emulsion, and the volume of the overall 

emulsion, respectively. In addition, WO is the volume fraction of water droplets in the 

W1/O emulsion, whereas WOW is the volume fraction of W/O droplets in the W/O/W 

emulsion. Substitution of Eqs. 5 and 6 into Eq. 4 gives [30] 
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In this study, the encapsulation efficiency is expressed as a percentage. For the 

particular system used in this study, Ci = 0.2% w/v, WO = 0.3, and WOW = 0.05. 

Hence, the encapsulation efficiency is given by the following approximate expression: 

% Y = 100 × (1 – 316.67Ce / [1 – 5Ce]), when Ci and Ce are expressed in % w/v. 
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3. Results and discussion 

Fig. 2 shows the effect of dispersed phase flux on the droplet size for four different 

rotational speeds using the 20 μm membrane with 200 μm pore spacing, and single set 

of data using the 40 μm membrane at the same pore spacing, with increasing 

transmembrane flux up to 3200 L m
-2

 h
-1

. Droplets produced at high rotation speed 

(high shear stress) had smaller drop diameter than the ones produced at low rotation 

speed (low shear stress) which is in agreement with the literature [18,  27-29]. As can 

be seen from Fig. 2 in the case when rotation speed was 230 rpm droplets greater than 

300 μm were formed, which is considerably larger than the spacing between the 

pores. Therefore, the drops on the membrane surface would need to deform before 

detachment, and it may be that not all pores of a membrane are active [31], providing 

more space for droplets to grow on the membrane. Fig. 2 shows that uniform droplets 

with span values less than 0.5 were obtained for almost all fluxes except the extreme 

cases of very low, and very high, rotation speed and high transmembrane flux, where 

some drop beak-up after formation is likely. In this work a maximum transmembrane 

flux of 3200 L m
−2

 h
−1

 was achieved, and the lowest span was 0.46 when the stirrer 

had a rotation speed of 960 rpm. When a 40 μm membrane was used, under identical 

shear conditions, droplets were ~1.3 times bigger than those produced using 20 μm 

membrane. The data illustrates that large W/O/W droplets are achievable, even at high 

dispersed phase injection rates, with span values that are similar to the simple 

emulsion (O/W) values of 0.46. Also included on this figure is the predicted drop size 

using the model, equation (1), which is marked at the point where the transmembrane 

flux is equal to zero: as the model does not account for flux rate. Clearly, increasing 

flux increases produced drop size. Further discussion of the model is provided later 

when considering shear stress.  
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Unrefined pumpkin seed oil is rich in many compounds that can be adsorbed on the 

membrane surface, such as free fatty acids, minerals, phospholipids, chlorophyll, and 

aromatic components. The adsorption of these components as well as molecules of 

PGPR on the membrane surface may lead to membrane wetting by the oil phase. Such 

interactions could cause alteration of the membrane surface from hydrophilic to 

hydrophobic [32]. Therefore, Tween 20 and Pluronic F68 were used as water soluble 

surfactants, as they are both nonionic surfactants with no affinity to adsorb to the 

membrane surface. In order to determine the effect of internal water phase and effect 

of PGPR molecules on the membrane surface and the droplet size four different tests 

were performed using a membrane with 15 μm pores and 200 μm pore spacing, and 

the results are presented in the Fig. 3. After each experiment the membrane was 

ultrasonically treated for 5 min in NaOH, then dried, followed by ultrasonication for 5 

min in 10% HCl and dried again. After washing in the base and acid the membrane 

was left in the wetting agent for 1h. In all experiments 2% Pluronic F68 was used as 

the continuous phase.  

 

In the first experiment pure pumpkin seed oil was used as the dispersed phase. The 

experiment was repeated three times and the average value for d(v,0.5) is presented 

the error bars indicating the highest and the lowest values obtained. d(v,0.1) and 

d(v,0.9) are presented for information in Fig. 3. The average droplet size produced 

using the fresh membrane was 124 μm and the reproducibility of the experiment was 

good (see Fig. 3). The image shown above the first set of histogram bars shows the 

almost transparent droplets of pure pumpkin seed oil injected into the continuous 

phase. In the second experiment 5% of PGPR was dissolved in the oil phase, but no 

internal water phase was present. Again experiments were repeated three times and 
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the average value is presented for d(v,0.5), the error bars indicate the highest and the 

lowest values obtained. The average droplet size when the PGPR was dissolved in oil 

was 126 μm, an insignificant difference to when no PGPR was used. From the image 

provided above the set of histograms above item 2, it is notable that the presence of 

PGPR made the drops slightly darker, but still translucent. The third experiment, 

reported in Fig 3, involved the use of an inner water phase stabilised by PGPR. Again 

three experiments were conducted and the average value for d(v,0.5) is reported and 

error bars present the highest and the lowest values obtained. The image of the drops 

now shows complete light obscuration, as would be expected due to complete light 

scattering within the drop. This contrasts significantly with the previous images of 

drops containing just PGPR stabiliser and pumpkin seed oil, and just the pumpkin 

seed oil. From Fig. 3, for the W/O/W emulsion, it can be seen that the median droplet 

size increases by approximately 20 μm. Such increase may be due to wetting of the 

membrane and the final test was performed to see if this is irreversible. In the final 

experiment the pure pumpkin seed oil was used again as dispersed phase. As it can be 

seen from Fig. 3 the droplet size was no different from the first experiment showing 

that the cleaning of the membrane was efficient.  

 

Another factor that may influence the drop size being formed during membrane 

emulsification is the viscosity of the dispersed phase, which is likely to be greater for 

the W/Op dispersion, as well as the ability of the surfactant to stabilise the emerging 

oil drop. All the interfacial tensions reported in Table 2 are equilibrium values, and it 

is possible that a dynamic interfacial tension may be more relevant, if the rate of 

diffusion of the stabilising molecules to the emerging drop is low. An analysis of the 

droplet formation time was performed for a flux rate of 2000 l m
-2

 h
-1

 using a 20 μm 
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pore size membrane. The drop formation time varied from 0.3 to 0.5 seconds 

depending on whether 10 to 18% of the available pores were generating drops. 

Following the analysis of van der Graaf et al [33], these times correspond to a region 

where the rate of increase in interfacial area will be low, but there may still be a slight 

increase in interfacial tension over the equilibrium value and, therefore, increased 

drop size.  The effective diffusion coefficient of Pluronic F68 is reported as 1.9×10
-11

 

m
2
 s

-1
 [34] while for Tween 20 Luschtinetz and Dosche reported a value of 7.7×10

-11
 

m
2
 s

-1
 [35]. Since the loading of the interface with surfactant is directly proportional to 

the effective diffusion coefficient [33], it will take longer for Pluronic F68 molecules 

to stabilise the forming oil droplet which may also explain the larger diameters 

presented in Fig. 4 and the slightly poorer span values. With increase of 

transmembrane flux from 2550 L m
-2

 h
-1

 to 3200 L m
-2

 h
-1

, when the continuous phase 

included 2% Pluronic F68, droplet size increased from 279 to 303 μm but the span 

reduced from 0.76 to 0.54.  

 

Fig. 5 demonstrates the influence of the rotation speed on the droplet size for multiple 

emulsions of pumpkin seed oil at various flux rates. As found earlier for single 

emulsions [27], mean droplet size decreases with increasing shear stress. The shear 

stress on the membrane surface does depend on the distance from the axis of rotation 

and reaches its greatest value at the transitional radius. Since the shear stress on the 

membrane surface is not constant the average shear stress, equation (2), is more 

representative in the case of the whole membrane which was used here. Since the 

model, equation (1), does not take into consideration the flow rate of the 

discontinuous phase, it is expected that the model will be closest to predicting the 

droplets produced using a very low flow rate, as shown in Fig. 5. Droplets produced 



 15 

using the higher flow rate followed the same trend as the one produced at lower 

transmembrane flux: increase of rotation speed decreased the droplet size, but the 

sizes of droplets produced at the higher transmembrane flux caused deviation from the 

model. Two explanations of this phenomenon are possible. First, the detachment of 

the droplet is not instantaneous but requires a finite time tneck, the necking time, during 

which an additional amount of dispersed phase flows into the droplet [36]. Therefore, 

the resultant droplet volume, V, is larger than the one estimated by the force balance 

model and can be expressed as [36]: V = Vcrit+(tneck/k)(Qd/N) where Vcrit is the droplet 

volume predicted by the model, k is the fraction of active pores, Qd is the total 

dispersed phase flow rate and N is the total number of pores in the membrane. For 

example the data in Fig. 5 obtained at 3185 L m
-2

 h
-1

, the above equation gives values 

of tneck/k in the range from 0.13 s at 1330 rpm to 2.6 s at 230 rpm. The fraction of 

active pores k usually ranges from 2 to 50%, which means that tneck should vary from 

0.0030.07 s at 1330 rpm to 0.051.3 s at 230 rpm. Another reason for the deviation 

between the model predictions and experimental data is insufficient coverage of the 

droplet surface with surfactant molecules during formation of the drops. The model 

calculations are made using the equilibrium interfacial tension which is lower than the 

dynamic interfacial tension during drop formation. Less coverage of the droplet 

surface by surfactant leads to a greater interfacial tension force and the resultant 

droplet is larger. It is notable that the drop size produced compared to the membrane 

pore size is a factor of x10 at the lowest shear, and x3 at the highest shear. The latter 

value is commonly assumed for membrane emulsification processes; the data here 

supports this value when operating at high shear conditions. 
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Encapsulation efficiencies were calculated using equation (7) and were found to be 

greater than 90% in all cases, and 98% at best. Images of fresh and 15 day old W/O/W 

emulsion with pumpkin seed oil are shown in Fig. 6, together with information on 

drop size and encapsulation efficiency. In the case of the variation of ‘encapsulation 

efficiency’ with time, this data represents the controlled release of the marker species 

from the internal water phase into the external water phase. Different shades of the 

grey, illustrated in the droplet images in Fig 6, demonstrate that the finely dispersed 

inner water droplets have substantially disappeared from the oil phase. This is 

consistent with the measured release of the copper leading to the reduction in 

‘encapsulation efficiency’ with respect to time. There is only very limited change in 

drop size, from 176 to 172 μm at 0 to 15 days respectively. Also, with the exception 

of the span at 15 days the remaining spans are reasonably consistent. Hence, it 

appears that the drop size, and span, are stable for at least 12 days and possibly over 

the entire period of the test: 15 days. From this, it would appear that the mechanism 

for release of the internal phase is not simply W/O/W drop instability. Further 

analysis was performed on another lipid material forming W/O/W emulsion: refined 

sunflower oil, to remove undue influence from the minor components in the unrefined 

pumpkin seed oil. 

 

In Fig. 7 the release of copper into the exterior water phase is presented in terms of 

encapsulation efficiency with respect to time. Three different rotation speeds were 

used to generate the W/O/W emulsion: giving drop sizes of 165, 107 and 92 μm at 

paddle rotation speeds of 900, 1200 and 1500 rpm respectively. At the higher drop 

sizes there appears to be a period during which there is only very limited release, 

which is similar to what is illustrated in Fig. 6: where the encapsulation efficiency is 
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constant for 6 days. At the smaller size illustrated in Fig. 7 (i.e. 92 μm) this initial 

period does not exist. However, the release profile is clearly not simply diffusion 

based: Fig. 7 has a model release curve included based on equation (3) using an 

extremely low (best fit to the data) effective diffusion coefficient of 210
-16

 m
2
 s

-1
. 

The data clearly does not fit the diffusional curve very well, and the data illustrated by 

the larger sizes is an even poorer fit to a diffusion curve. It is notable that the release 

rate is higher with smaller drop size, as would be expected for an interfacial area 

based transfer mechanism, but even a simple mass transfer coefficient based model 

would provide a release curve, unlike the near-linear release rate obtained from the 

smallest size, and the delayed release curves obtained at the larger drop sizes. 

 

 

Conclusions 

The Dispersion Cell and flat disc nickel membranes was used to produce narrow size 

distribution droplets of multiple emulsions containing unrefined pumpkin seed oil 

with controllable volume median diameters from 100 to 430 μm. For most of the 

work, membranes with 20 and 40 µm pores with 200 µm pore spacing were used, and 

it was possible to obtain fluxes up to 3200 L m
-2

 h
-1

 while the span in most cases did 

not exceed 0.5. Extreme cases (low rotation speed and high flux as well as high 

rotation speed and low flux) were not optimal conditions for production of multiple 

emulsions and in these few cases the span was higher. 

 

The reproducibility of the experiments was good, showing no irreversible adsorption 

of the molecules of either surfactant, or oil component, onto the membrane surface, 
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and that after each experiment the membrane surface could be easily cleaned fully 

regaining its hydrophilicity.  

 

Smaller droplets were produced using Tween 20 as a surfactant to stabilise the 

W/O/W emulsion than Pluronic F68, which was attributed to the lower interfacial 

tension and the more rapid diffusion of the Tween molecules and, therefore, shorter 

time needed for stabilizing the forming droplets.  

 

Shear stress is the most effective way to regulate the droplet size: with an increase of 

the rotation speed by 5.7 times the droplet size decreased 2.6 times for a given 

membrane pore size. To measure the encapsulation efficiency, and the release rate, 

copper was encapsulated in the internal water phase. In all experiments the initial 

encapsulation efficiency was more than 94%. After 15 days encapsulation efficiency 

for the biggest droplets was 7.5 times higher than for the smallest droplets due to the 

smaller surface area through which copper could be released. However, the 

mechanism for release of the internal phase is complex: for the larger sizes there is a 

significant initial period with no release, followed by a roughly linear region of 

release with respect to time. For the smaller drops, less than 100 μm, the initial period 

of zero release was not observed. This pattern was observed for both W/O/W 

emulsions using refined sunflower oil as well as unrefined pumpkin seed oil. Visual 

observation of the W/O/W drops confirmed significant presence of fine internal phase 

water drops just after production of the emulsion, and almost clear drops after 15 days 

of release. The measured drop sizes, and spans, did not vary substantially during this 

period. Hence, it is concluded that the release mechanism is not one of unstable 

W/O/W drops and not simple diffusion from within the W/O/W droplet. 
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It has been demonstrated that the Dispersion Cell, with its mild conditions for 

generating the droplets, represents an effective tool for production of multiple 

emulsions containing this type of oil and very high entrapment efficiencies were 

obtained. 
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List of symbols 

Ce Copper concentration measured in the external aqueous phase of the 

W1/O/W2 emulsion after emulsification, kg m
-3

 

Ci Ci is the copper concentration in the internal aqueous phase of the W/O 

emulsion, kg m
-3

 

d(v, 0.1) Volume diameter below which smaller droplets constitute 10% of the 

total volume, m 

d(v, 0.5)  Volume median diameter below which smaller droplets constitute 50% of 

the total volume, m 

d(v, 0.9)  Volume diameter below which smaller droplets constitute 90% of the 

total volume, m 

Deff  ‘Effective’ diffusion coefficient for the transferring species within the 

drop, m
2
 s

-1
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Dm  effective diameter of the membrane, m 

k Fraction of active pores, - 

Me  Mass of copper present in the external water phase in the W/O/W 

emulsion after homogenization, kg 

Mi  Mass of copper present in the internal water phase in the W/O emulsion, 

kg 

N  Total number of pores in the membrane, - 

Op Pumpkin seed oil 

Os Sunflower oil 

q  Concentration of the encapsulated species, g g
-1

 

Qd  Total dispersed phase flow rate, m
3
 s

-1
 

r Distance from the membrane centre, m 

rtrans Transitional radius, m 

rx Radial position within the particle (or W/O/W composite drop), m 

t 

tneck 

Time, s 

Necking time, s 

V Resultant droplet volume, m
3
 

Vcrit  Droplet volume predicted by the model, m
3
 

Ve  Volume of external aqueous phase, m
3 

Vi  Volume of internal aqueous phase, m
3 

VWOW  Volume of whole emulsion, m
3 

x Droplet diameter, m 

Y  Encapsulation efficiency, -  

 

Greek symbols 
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  Continuous phase density, kg m
-3

 

  interfacial tension, N m
-1

 

  Angular velocity, rad s
-1

 

  Continuous phase coefficient of dynamic viscosity, Pa s 

av  Average shear stress, Pa 

δ Boundary layer thickness, m 

WO  Volume fraction of water droplets in the W1/O emulsion, - 

WOW  Volume fraction of W/O droplets in the W/O/W emulsion, - 
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Table 1 The composition of W1/O/W2 emulsions prepared 

 

Inner aqueous phase, W1 Pure Milli - Q water 

Oil phase 

5 wt.% PGPR dissolved in unrefined 

pumpkin seed oil (Op) or refined 

sunflower oil (Os) 

Outer aqueous phase, W2 

2 wt.% Tween
®
 20 dissolved in Milli–

Q water, in some experiments PVA 

was added 

Volume percent of inner aqueous phase in 

W1/O emulsion (vol.%) 
φi=0 or 30 

Volume percent of W1/O emulsion drops in 

W1/O/W2 emulsion (vol.%) 
φo=5 

Mean size of outer drops 
102-422 and 134-433 µm for the pore 

size of 20 and 40 μm, respectively 
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Table 2 Density and viscosity of aqueous surfactant solutions used work and 

measured equilibrium interfacial tension at oil/aqueous phase interface 

 

Aqueous phase 
Density 

(kg/m
3
) 

Viscosity  

(mPa s) 
Oil phase 

Interfacial 

tension 

(mN/m) 

2 wt. % Tween 1000 1.01 

Unrefined 

pumpkin seed 

oil (Op) 

1.5 

2 wt. % Tween   W/Op 1.0 

2 wt. % Pluronic F-68 1000 1.28 Op 6.0 

2 wt. % Pluronic F-68   W/Op 3.7 

2 wt. % Pluronic F-68   Op + 5% PGPR 3.0 

Demineralised water 997 0.891  11 

2 wt. % Tween 1000 1.01 

Refined 

sunflower oil 

(Os) 

5.0 

2 wt. % Tween   W/Os 0.83 

Demineralised water 997 0.891  22 
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Fig. 5 Experimental drop diameters of water-in-(pumpkin seed oil)-in-water multiple 

emulsions produced; pore size = 40 µm, continuous phase: 2% Tween 20, solid line 

represents the force balance model: equation (1), for near zero flux.
 

 

Fig. 6 (a) () Encapsulation efficiency of copper for W/O2/W emulsion and () 

mean droplet diameter for 15 days stored at room temperature. Pore size = 20 μm, 

rotation speed = 960 rpm, transmembrane flux = 640 L m
-2

 h
-1
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Fig. 7 Encapsulation efficiency of copper as a function of time for water-in-sunflower 

oil-in-water emulsion at room temperature. Transmembrane flux = 320 L m
-2

 h
-1

. () 

d3,2=165 μm, d(v,0.5)=168 μm, span=0.33, () d3,2=107 μm, d(v,0.5)=109 μm, 

span=0.44, (►) d3,2=92 μm, d(v,0.5)=95 μm, span=0.47 and diffusion model for 92 
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Fig. 1  Photomicrograph of 20 µm membrane and schematic illustration of Dispersion 

Cell with simple paddle used (b = 12 mm, D = 32 mm, Dm = 33 mm, nb = 2, and T = 

40 mm). 
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Fig. 2 Variation of volume median diameter and span of particle size distribution with 

dispersed phase flux for the membrane with 20 μm pore size; disperse phase: water-

in-pumpkin seed oil, continuous phase: 2% Tween 20 and, for comparison, one 40 μm 

pore size membrane at 600 rpm. Open symbols predict the droplet size using the 

model: equation (1) when the flux is zero. 
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Fig. 3 Effect of PGPR and internal water phase on the droplet size and appearance in 

4 consecutive sets of experiments with the same membrane. Disperse phase: 1: Pure 

pumpkin seed oil (Op); 2: 5% PGPR dissolved in pumpkin seed oil; 3: W/Op emulsion 

with 30% water phase and 5% PGPR in pumpkin seed oil, and 4: Experiment with 

pure pumpkin seed oil performed after previous experiments. Pore size = 15 μm, 

pores spacing = 200 μm, transmembrane flux = 600 L m
-2

 h
-1

, rotation speed = 600 

rpm, continuous phase: 2% Pluronic F68. 
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Fig. 4 Variation of volume median diameter and span of particle size distribution 

with dispersed phase flux for 2% surfactant solutions (disperse phase: water-in-

pumpkin seed oil, pore size = 20 μm, rotation speed = 600 rpm). 
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Fig. 5 Experimental drop diameters of water-in-(pumpkin seed oil)-in-water multiple 

emulsions produced; pore size = 40 µm, continuous phase: 2% Tween 20, solid line 

represents the force balance model: equation (1), for near zero flux.
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 Fig. 6 (a) () Encapsulation efficiency of copper for W/O2/W emulsion and () 

mean droplet diameter for 15 days stored at room temperature. Pore size = 20 μm, 

rotation speed = 960 rpm, transmembrane flux = 640 L m
-2

 h
-1

. (b) (★) Span of 

particle size distribution over 15 days. 
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Fig. 7 Encapsulation efficiency of copper as a function of time for water-in-sunflower 

oil-in-water emulsion at room temperature. Transmembrane flux = 320 L m
-2

 h
-1

. () 

d3,2=165 μm, d(v,0.5)=168 μm, span=0.33; () d3,2=107 μm, d(v,0.5)=109 μm, 

span=0.44; (►) d3,2=92 μm, d(v,0.5)=95 μm, span=0.47 and diffusion model for 92 

μm drops. 
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