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Abstract

Oil-in-water and water-in-oil nanoemulsions are interesting carriers for respectively oil soluble and water

soluble actives. In this study, oil-in-water (O/W) and water-in-oil (W/O) nanoemulsions were prepared by

premix membrane emulsification. A coarse emulsion (premix) was injected thanks to a high pressure pump

through a Shirasu Porous Glass (SPG) membrane with pore size of 0.5 µm in order to reduce and homogenize

the droplet size. The effect of viscosities on the pressure and droplet size was investigated: the water phase

viscosity by increasing glycerol concentration, the oil phase viscosity with mineral oils of different viscosities

and the overall emulsion viscosity by increasing the dispersed phase content of the emulsion. The pressure

required to break up the droplets inside the membrane pores ∆Pdis did not depend on viscosities, while the

pressures generated by the flows through the pipe ∆Ppipe and the membrane ∆Pflow were proportional to

the viscosity of the overall emulsion. W/O nanoemulsions were more difficult to produce and to characterize

but thanks to the original set-up working at pressures up to 65 bar and high flowrates, W/O mineral oil

nanoemulsions were produced with mean droplets size around 600 nm and flow rate of 50 mL/min.

Keywords: Nanoemulsion, Premix membrane emulsification, SPG membrane, Viscosity, Water-in-oil,

Oil-in-water

1. Introduction

Nanoemulsions, defined by their droplet size which has to be within the submicron range, find applica-

tions in cosmetics [1], pharmaceuticals or food industry due to their improved stability and delivery properties

[2, 3, 4, 6]. Nanoemulsions can be oil-in-water emulsions (O/W) with the oil phase dispersed into the water

continuous phase, or water-in-oil emulsions (W/O) when the aqueous phase is dispersed into the oily con-5

tinuous phase. W/O nanoemulsions can also be incorporated into a second water phase to create double

water-in-oil-in-water emulsions (W/O/W) which have several applications in cosmetics or pharmaceutics [5].

Then, hydrophillic and hydrophobic actives can be encapsulated within nanoemulsions. Numerous encapsu-

lation technique salso rely on nanoemulsion preparation in order to obtain nanocapsules or nanospheres.
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W/O and O/W nanoemulsions are produced with the same techniques either low or high energy processes10

[7]. Low energy processes are based on the physicochemical properties of the nanoemulsions and require spe-

cific compositions which may not be suitable for cosmetics or pharmaceutical applications. On the contrary,

high energy processes like sonication and high pressure homogenization (HPH), are suitable for different

types of formulations as intensive disruptive forces breakup the oil and water phases creating droplets [6].

However, sonication is not scalable to more than a few hundred milliliters and usually broad droplets size15

distributions are obtained, and HPH requires several cycles in order to obtain monodispersed droplets.

Membrane emulsification is a more recent process, that also uses mechanical forces but with less energy

[8, 9]. The process has several advantages such as no temperature increase during emulsification, and low shear

rate which gives better stability to shear sensitive actives and the control of the droplet size by the membrane

pore size. In Direct Membrane Emulsification (DME), the most classical membrane emulsification process, the20

dispersed phase is pushed through the membrane pores and droplets are formed at the membrane/continuous

phase interface. DME shows limitations at nano-scale to preserve the monodispersity and small size of the

droplets. In addition, flowrates of the dispersed phase are very low [10] which may not be suitable for scale-up.

Another configuration of membrane emulsification has been developped, called premix membrane emulsi-

fication (PME). A coarse emulsion is pushed through the membrane pores, reducing the droplet size and size25

distribution. The mechanism of droplet formation in PME is related to the break-up of large droplets within

the membrane due to wall shear stress inside the membrane pores. The advantages of PME compared to DME

[11, 12] are that the flowrate of the product emulsion is generally much higher, higher droplet concentrations

are obtained, the mean droplet size is smaller than in DME and the process is easier to control and operate.

However, the production of nanoemulsions by membrane emulsification is challenging even with PME [13].30

Bunjes et al. prepared nanoemulsions by PME with droplet size lower or around 200 nm with narrow size

distribution with polymeric membranes and SPG membranes for volumes up to 10 mL. [10, 14, 15]. In a

previous work, we reported the production of O/W nanoemulsions by PME and SPG membranes at high

flowrate and relatively large volumes up to 500 mL [16].

In both DME and PME, the viscosities of the continuous and dispersed phase are important parameters,35

although their effect has been investigated by few authors. For example, Vladisavljević et al. studied the

viscosity in PME by increasing the dispersed phase content which increased the overall emulsion viscosity [12]

or the continuous phase viscosity [17]. Both studies were performed at constant pressure and showed that

an increase in viscosity led to a decrease in transmembrane flux and to smaller oil droplets due to increase

of wall shear stress inside the membrane pores.40

Also, in DME, only few studies reported the production of W/O emulsions, mainly micron size emulsions

with kerosene as the continuous phase with different types of membranes or surface modifications [18, 19, 20] or

with toluene [21]. A study reported the production of W/O emulsions suitable for cosmetics or dermatological

applications with mineral oil as the continuous phase [22]. For double emulsion production, the first W/O

emulsions has always been obtained by a high energy process [12, 13, 23]. To our knowledge, no study45
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reported the production of W/O emulsion by PME. It can be explained by the fact that viscous emulsions

generate high pressure through the membrane pores [16] and that W/O emulsions are much more viscous

than O/W emulsions as the oil is the continuous phase.

In the present study, O/W and W/O nanoemulsions were produced by PME with a high pressure pump

that pushed the premix through the SPG membrane. The resulting pressure ∆Pr was equal to the sum of50

the flow pressure ∆Pflow, the disruption pressure ∆Pdis and the pipe pressure ∆Ppipe:

∆Pr = ∆Pflow + ∆Pdis + ∆Ppipe (1)

The flow pressure was the pressure necessary to pass the premix emulsion through the very small mem-

brane pores. The disruption pressure (∆Pdis) was the pressure required to break the premix emulsion into

smaller droplets and therefore reducing the droplet size [12]. Moreover, the pressure along the pipe from the

high pressure pump to the membrane module was dependent on fluid viscosity and therefore had to be taken55

into account. This pressure was termed pipe pressure ∆Ppipe and was measured without the membrane.

∆Pflow and ∆Pdis are pressures generated by the fluid circulating through the membrane ∆Pmembrane:

∆Pmembrane = ∆Pflow + ∆Pdis (2)

In this study, we investigated the effect of viscosity of the dispersed, continuous phase and overall emulsion,

on the production of W/O and O/W nanoemulsions by PME. The final aim is to optimize the preparation

of W/O nanoemulsions, which is challenging due to high viscosities involved. For that, O/W and W/O60

premixes with different viscosities were produced. The influence of viscosity was investigated by modifying

the continuous phase viscosity, the dispersed phase viscosity, and the dispersed phase content, whith all

phases and final products being Newtonian fluids. The water phase viscosity was modified by adding glycerol

and the oil phase viscosity was modified by using different mineral oils with similar interfacial tension with

water. The premixes were pushed through the membrane pores using a high pressure pump in the set-65

up developed previously for O/W nanoemulsions production [16]. The influence of the formulation on the

resulting pressure and on ∆Pflow, ∆Pdis and ∆Ppipe was investigated. The nanoemulsions obtained were

characterized by their mean droplet size and/or size distribution.

2. Materials and methods

2.1. Materials70

Ultrapure water was obtained using a Synergy unit system (Millipore, France). Mineral oil of different

viscosities were given by different suppliers: White Mineral Oil (WMO) from Fisher (USA) η=44 mPa.s (at

25oC), Marcol 52 and Marcol 82 from Exxon mobil (France) respectively η=14.1 mPa.s and η=24.1 mPa.s

(at 25oC). Other products were glycerol from Roth (Germany), Tween 20 and Span 80 from Sigma Aldrich

(France) and Derquim+ from Derquim (Spain).75
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2.2. Experimental set-up

The experimental set-up used for the preparation of nanoemulsions by PME is shown in Figure 1. The

set-up was composed of a high pressure benchtop single cylinder pump BTSP 500-5 (Floxlab, Nanterre,

France). The pump is made of high grade stainless steel and was equipped with a pressure sensor (±0.1

bar), two pneumatic valves for tank feeding and outlet delivery, a control panel and a storage tank of 50080

mL. Pressurization was obtained via a motor-driven piston. A computer was connected to the pump for data

acquisition. The flowrate, pressure and volume injected were recorded every second with the software. The

maximum pressure delivered by the pump was 344 bar and flowrate 200 mL/min.

Figure 1: Experimental set-up of the high syringe pump with membrane holder and SPG membrane

For each premixes, the set-up resistance to the flow without the membrane module was tested at different

flowrates between 10 and 200 mL/min and the resulting pressure, ∆Ppipe, was measured.85

2.3. Membranes

Hydrophilic and hydrophobic SPG membranes were provided by SPG Technology Co. Ltd (Miyazaki,

Japan). Hydrophillic SPG membranes were used for O/W nanoemulsion production and hydrophobic for

W/O nanoemulsions. Both membranes are first produced the same way, hydrophobic membranes are then

obtained thanks to a special coating made by the supplier. The membranes are tubular with an inner diameter90

of 8.5 mm, thickness of 0.8 mm and length of 125 mm. In all experiments, the membrane length was 125 mm

and the mean pore size 0.5 µm. The membranes were able to resist to transmembrane pressure up to 65 bar.
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Table 1: Composition and dynamic viscosities of oils used to study the influence of dispersed phase viscosity

The membrane module used was a tubular module supplied by SPG Technology. This cross-flow tubular

module was adapted to be used in PME. The premix was pushed from the external part of the tube to the

internal part. The effective length of the membranes was reduced due to sealing rings placed at both ends of95

the membrane tube. Therefore, the effective length was 115 mm and the effective membrane area was 30.70

cm2.

2.4. Formulation of nanoemulsions

Oil phases compositions studied and viscosities measured with the method detailed in the following

viscosity measurement part, are described in Table 1.100

For O/W nanoemulsions, ultrapure water with or without glycerol was used as the continuous phase and

mineral oils as the dispersed phase. The required HLB (RHLB) of mineral oils were all the same and given

by the supplier as RHLB=10. The surfactant system chosen to stabilize the nanoemulsions was Tween 20,

HLB= 16.7, as the hydrophilic surfactant and Span 80, HLB= 4.3, as the hydrophobic surfactant. In most

experiments, the composition (in weight percentage of the total emulsion) was for the continuous phase, 2.3105

% Tween 20 and 85 % water, and for the dispersed phase 2.7 % Span 80 and 10 % oil. The overall surfactant

concentration was then 5 %. The surfactants and high concentrations were chosen to ensure that the newly

formed droplets were immediately covered with surfactants, hence preventing the increase in droplet size.

Three oils with different viscosities were investigated, WMO, Marcol 82 and Marcol 52 and a mixture of

WMO and Marcol 82 (Table 1 ). The influence of oil concentration was investigated at 5, 10, 20, 25 and 30110

% for Marcol 82. The surfactant concentration to oil concentration ratio was kept constant at 0.5, so the

total surfactant concentration in the formulation was respectively 2.5, 5, 10, 12.5 and 15 %. In addition, the

influence of glycerol concentration was investigated at 10, 25, 50 and 62.5 % of the aqueous phase completed

with water up to 85% of the total formulation.

For W/O nanoemulsions, mineral oils as supplied or mixtures of mineral oils were used as the continuous115

phase and ultrapure water with or without glycerol as the dispersed phase. RHLB of mineral oils were all the

same and given by the supplier as RHLB=5. In most experiments, the composition (in weight percentage

of the total emulsion) was for the continuous phase, 0.28 % Tween 20 and 85 % oil, and for the dispersed

phase 4.72 % Span 80 and 10 % water. The overall surfactant concentration was then 5 %. The oil phases

investigated were pure WMO, Marcol 82 or Marcol 52 or a mixture of WMO and Marcol 82 (Table 1).120
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The influence of water concentration was investigated at 1, 5, 10 and 15 %. The surfactant concentration

to oil concentration ratio was kept constant at 0.5, so the total surfactant concentration in the formulation

was respectively 0.5, 2.5, 5 and 7.5 %. In addition, the influence of glycerol concentration was investigated

at 25, 50, 75 and 100 % of the aqueous phase completed with water up to 10% of the total formulation.

2.5. Preparation of nanoemulsions125

Both phases were first prepared separately. For O/W nanoemulsions, the continuous phase was obtained

by dissolution of Tween 20 in water or water with glycerol under magnetic stirring at 600 rpm and the

dispersed phase by dissolution of Span 80 in the oil using the same procedure. For W/O nanoemulsions, the

continuous phase was the oil mixed with Span 80 and the dispersed phase Tween 20 in water or water and

glycerol.130

In both cases, the two phases were then mixed with magnetic stirrer for 10 min to produce the premix.

This premix was then placed in the feed tank and pumped in the syringe pump. First 20 mL premix was

injected in order to remove air from the experimental set-up and fill it with premix. The experiment was

then carried out with a volume of injection of 40 mL to minimize time and material consumption. The

nanoemulsion produced flew from the membrane tube under gravity and was collected in a beaker placed135

beneath the module. All experiments were performed at room temperature and for each conditions five

different flow rates were investigated depending of composition between 10 and 100 mL/min.

2.6. Membrane cleaning

For O/W nanoemulsions, before each use, the membrane was carefully cleaned until recovery of its

hydrodynamic resistance to water (Rm). For hydrodynamic resistance measurements, water was permeated140

through the membrane at different flowrates between 10 and 200 mL/min and the resulting pressure was

measured. Rm was estimated from the slop of the ultrapure water flowrate versus resulting pressure [24].

The cleaning procedure consisted in three injections through the membrane of 500 mL of a 1 % Derquim +

solution [25] at 70oC at 200 mL/min and then three injections of 500 mL of pure water at room temperature

and 200 mL/min. The membrane resistance to water was recovered after this treatment.145

For W/O nanoemulsions, membrane was carefully cleaned with Span 80 in Marcol 82 until a clear solution

was recovered and pressure stabilized. Filling the membrane with oil allows a better flow of the emulsion

through the membrane [22].

2.7. Particle size distribution measurements by laser diffraction

The droplet size of emulsions were measured by Laser Diffraction (LD) particle size analysis with a150

Mastersizer 3000 (Malvern Instruments, France). The technique is based on measurement of the intensity of

light scattered as a laser beam passes through a dispersed particulate sample. The Mie scattering theory was

used, with a refractive index and an absorption index set at 1.47 and 0.005 for the oil phase, respectively and

1.33 and 0.005 for the water phase. For O/W nanoemulsions, the continuous phase was ultrapure water and
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for O/W, Marcol 82. Before measuring the droplet size of W/O nanoemulsions the instrument, including155

injection line and measurement cell, was emptied, cleaned with surfactant, filled with ethanol, dried and fill

with oil. The same procedure was used to clean the apparatus after measurement.

The results were expressed by D50 the mean droplet diameter for which 50 % of droplets in volume are

below this size, similarly 90 % lie below D90 and 10 % below D10. D90 and D10 giving information about

the sample dispersity. The closest they are to the D50 the more monodisperse the distribution is.160

All measurements were done in triplicate, the values reported were the average of the three measurements.

2.8. Viscosity measurements

For the investigation of the effect of oil concentration, the dynamic viscosity of the emulsions, continuous

phase and dispersed phase were measured. The measurements were realized using a rheometer MCR 302

equipped with the CP50 module and the software Rheocompass (Anton Paar, France) at 25oC. Viscosity was165

measured with a shear rate from 0 to 100 s-1.

3. Results and discussion

In this section, we first measured the pressure generated through the pipe connecting the pump to the

membrane module. This pressure is then substrated to the resulting pressure measured during the preparation

of nanoemulsions to obtain the membrane pressure. Then, results obtained for O/W and W/O nanoemulsions170

are presented including the effect of continuous phase viscosity, dispersed phase viscosity and dispersed phase

content, which determines the viscosity of the overall emulsion, on membrane pressure and droplet size. Also,

for both O/W and W/O nanoemulsions, the disruption pressure and flow pressure were determined from the

influence of the cycle number on the membrane pressure.

3.1. Influence of viscosity on ∆Ppipe175

The pressure generated by the pump through the pipe connecting the pump to the membrane module

was measured for different premixes at flowrates from 10 to 100 mL/min. For that, the premix was injected

through the pipe without the membrane module being connected. The resulting pressure measured was then

equal to ∆Ppipe. All premixes tested were Newtonian and the flows through the pipe were laminar. The

hydraulic resistances measured were specific to pipe used (length, diameter, elbows).180

Figure 2 shows the pressure variation with flowrate for different O/W premixes. Two types of premixes

were prepared: premixes with water as the continuous phase (without glycerol) and different Marcol 82

content (from 10 to 30%) and premixes with 10% Marcol 82 and different contents of glycerol in the water

phase (10 to 62.5% glycerol). ∆Ppipe was found proportional to the flowrate, as predicted by the Poiseuille

equation, with the hydraulic resistance dependent on the premix composition. Figure 3 shows the variation185

of the hydraulic resistance through the pipe versus the premix viscosity. As expected from Poiseuilles law,

the hydraulic resistance was proportional to the premix viscosity. Figure 3 also includes hydraulic resistances

obtained with W/O premixes in a similar way as O/W premixes.
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For O/W premixes, the pressure generated through the pipe was in the range 0-3 bar, except for the

higher content of glycerol (up to 6 bar). For W/O premixes, higher values were obtained, from 2 to 18.6190

bar. In the following parts, to obtain the pressure generated through the membrane ∆Pmembrane during the

preparation of nanoemulsions, ∆Ppipe was subtracted from the resulting pressure ∆Pr.

Figure 2: Resulting pressure,∆Ppipe, without membrane module for different O/W emulsions at flowrate from 10 to 100 mL/min

3.2. O/W nanoemulsions

In this section, we prepared O/W nanoemulsions with different compositions as described in Materials and

Methods. The influence of the continuous phase viscosity, dispersed phase viscosity as well as the dispersed195

phase content on the droplet size and membrane pressure was investigated. Also, ∆Pdis and ∆Pflow were

determined from the effect of the cycle number on the membrane pressure.

3.2.1. Influence of the continuous phase viscosity

The effect of the continuous phase viscosity was investigated at four different glycerol concentrations in

the continuous water phase, 10, 25, 50, 62,5 %, corresponding respectively to aqueous phase viscosities of200

1.14, 1.79, 5.00 and 10.5 mPa.s. It was observed that at higher glycerol concentrations, the emulsion was

non-Newtonian. The oil type, oil concentration and surfactant concentration were the same: 10% Marcol

82 and 5% total surfactant concentration. Figure 4 shows the membrane pressures measured at various

flowrates.
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Figure 3: Slope of the resulting pressure, ∆Ppipe with flow rate as a function of viscosity for O/W and W/O emulsions of

different composition

The continuous phase viscosity had no influence on the membrane pressure at low flowrates (below205

50 mL/min), and at higher flowrates and low continuous phase viscosity (below 1.79 mPa.s). In these

conditions, the flow pressure was relatively low so the membrane pressure was mainly attributed to the

disruption pressure. At higher flowrates and continuous phase viscosities, the membrane pressure increased

when increasing the continuous phase viscosity. At 100 mL/min, the membrane pressure was 20.6 bar for a

continuous phase viscosity of 10.5 mPa.s and around two times less 11.2 bar at 1.14 and 1.79 mPa.s. Indeed,210

the flow pressure ∆Pflow is proportional to viscosity [12]. At higher viscosity of the continuous phase, the

flow pressure was then much higher and might be in the same range as the disruption pressure.

The influence of the continuous phase viscosity on the droplet size is presented in Figure 5. The mean

droplet size decreased when increasing the viscosity of the continuous phase, as the shear stress within the

pores increased, leading to a more significant size reduction [17]. At high viscosities, the shear stress obtained215

was very high, and very small droplets were obtained with D50 equal to 293 nm, which was 59% smaller than

the membrane pore size. Figure 5 also shows that the viscosity of the overall emulsion increased proportionally

to the continuous phase viscosity. It remains unclear whether the viscosity of the continuous phase, or the

viscosity of the overall emulsion or both influence the membrane pressure and droplet size. This will be

discussed in a following section.220

3.2.2. Influence of the dispersed phase viscosity

The influence of the dispersed phase viscosity on the membrane pressure and droplet size was investigated

with four different oils: three mineral oils from different supppliers used as received: WMO, Marcol 82 and
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Figure 4: Membrane pressure variation with flowrate from 10 to 100 mL/min at four different concentrations in glycerol in the

water phase and at 10 % of Marcol 82 and 5% surfactant

Figure 5: Droplet size and viscosity of the emulsion versus the viscosity of the continuous phase at 10 % of Marcol 82 and 5%

surfactant and a flowrate of 100 mL/min

Marcol 52 and a mix of 50%/50% WMO and Marcol 82 (Table 1). The oil concentration and surfactant

concentration were kept constant at 10% and 5%, respectively. The viscosities of the four emulsions were the225
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same (4.3 mPa.s).

For the different oils, the membrane pressure and droplet size as a function of flowrate are presented

in Figure 6. The membrane pressure did not change with the dispersed phase viscosity at low flowrates.

However, at higher flowrates, from 75 mL/min, the membrane pressures were slightly higher for the more

viscous oils. The difference between the less viscous oil Marcol 52 (η = 9.87 mPa.s ) and the more viscous230

WMO (η = 44.1 mPa.s ) which is more than four times more viscous, was of ∆PrWMO - ∆PrM52 =

20.5-18.6= 1.9 bar. This effect might be more important at higher flowrate or higher oil content.

The similar viscosities of the overall emulsions cannot be the reason of the increase in membrane pressure

for the more viscous oils. This effect may be explained by the critical capillary number for breaking a drop in

a T-junction (which is a simple model of a membrane pore) which is proportional to a dimensionless constant235

α, function of the viscosity difference between the dispersed and continuous phases and the geometry of the

channel [26]). As the oil viscosity increased, the viscosity difference between the two phases increased and

so the capillary number. Droplet break-up became more difficult so the pressure needed for oil droplets

disruption in the membrane pores ∆Pdis became higher.

Moreover, the droplet size distribution did not change with the dispersed phase viscosity (Figure 6)240

at these experimental conditions. Figure 6 also shows a slight decrease in droplet size versus flowrate, as

observed in our previous study with 10% ethylhexyl palmitate (EHP) as the dispersed phase and 5% total

surfactant concentration [16].

Figure 6: Membrane pressure and droplet size at different flowrates with different oils or oil mix at 10% and 5% overall surfactant

concentration
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3.2.3. Influence of the dispersed phase content

The influence of the dispersed phase content on the membrane pressure and droplet size was investigated245

at four Marcol 82 concentrations 10, 20, 25 and 30% at 100 mL/min. Higher oil concentrations were not tested

because of the non-Newtonian behavior of the emulsions. The viscosity of the overall emulsions increased with

the amount of oil, 4.3, 7.05, 10.85 and 17.85 mPa.s for the 10, 20, 25, 30% oil concentrations, respectively.

As explained in Materials and Methods, the surfactant concentration based on the amount of oil was

kept constant, corresponding to 2.3, 4.6, 5.75, and 6.9% Tween 20 in the continuous water phase, and 5, 10,250

12.5, and 15 % total surfactant, for Marcol 82 concentrations of 10, 20, 25, 30%, respectively. Therefore,

the continuous phases prepared at various oil contents had slightly different viscosities due to the different

amounts of Tween 20 (1.03 mPa.s at lowest concentration of surfactant 2.3% and 1.39 mPa.s at highest

concentration of surfactant, 6.9%). By varying the dispersed phase content, the viscosity of the overall

emulsions changed, but the continuous phase viscosity remained constant.255

Figure 7 shows the variation of the membrane pressure and droplet size versus the overall emulsion

viscosity. As expected, the pressure through the membrane increased with the overall emulsion viscosity.

The contribution of both ∆Pflow and ∆Pdis is presented in the next section.

Moreover, the droplet size decreased with the oil content and so with the emulsion viscosity (Figure 7).

In Figure 5, the droplet size was proportional to the continuous phase viscosity and to the overall emulsion260

viscosity. In the present section, from a continuous phase viscosity of 1.95 mPa.s to 11.5 mPa.s (corresponding

respectively to an oil content of 10 % and 30 %), the droplet size decrease was very small (687 nm to 586

nm). In addition, the continuous phase viscosity was nearly constant with the oil content. It might strongly

indicate that the increase in shear stress suggested in section 3.2.2 is due to the continuous phase viscosity

and not the overall emulsion viscosity.265

It is also suggested that the droplet size decreased at higher oil concentrations due to the higher surfactant

content present in the formulation. Indeed, an increase in surfactant percentage has three effects: a slight

increase of the continuous phase viscosity which increases the shear stress within the pores, and also a decrease

of the interfacial tension that induces break-up due to Rayleigh and Laplace instabilities [27] and an increase

of the local concentration of surfactant , hence the adsorption kinetic at the newly created interfaces [28].270

These two last effects could contribute to a decrease of the droplet size.

3.2.4. Experimental determination of ∆Pflow and ∆Pdis

To obtain the values of ∆Pflow and ∆Pdis, repeated cycles were realized. For that, the premix was passed

first through the membrane, and then the nanoemulsions obtained was passed again during three cycles at

100 mL/min. The formulations investigated were those tested in the influence of the dispersed phase section275

: four Marcol 82 concentrations 10, 20, 25, 30%. The viscosity of the emulsions remained nearly constant

with the number of cycles, with a slight decrease from the first pass to the second pass as the droplet size

was reduced. The membrane pressures measured during each cycle are reported in Figure 8.

The membrane pressures were higher during the first cycles, but stabilized after first pass. For all cycles,
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Figure 7: Membrane pressure and droplet size as a function of dynamic emulsion viscosity for different oil contents at 100

mL/min

the membrane pressure stabilized at a higher value for emulsions with a higher oil content. During the first280

cycle, the membrane pressure stabilized at 30.8 bar and 18.3 bar for emulsions containing 30% and 10%

Marcol 82, respectively. During the fourth cycle, the membrane pressure stabilized at 14.5 bar and 3.7 bar

for 30% and 10% Marcol 82, respectively. The membrane pressure remained constant after the first cycles as

no more droplet disruption occurred in the membrane pores, which means that after the first cycles ∆Pdis=0

therefore ∆Pm = ∆Pflow.285

The variations of ∆Pdis and ∆Pflow with the overall emulsion viscosity are presented in Figure 9. ∆Pm1

is the membrane pressure obtained during the first cycle. The stabilized pressure value ∆Pmf was calculated

as the average membrane pressure values of the two last cycles, cycles no3 and no4. As said previously,

disruption occurs mainly during the first cycle, whereas most of the droplets do not undergo any droplet

disruption for the following cycles. So, ∆Pdis = ∆Pm1 - ∆Pmf and ∆Pflow = ∆Pmf .290

Figure 9 shows that ∆Pdis was independent of the overall emulsion viscosity. It means that the energy

required for droplet disruption was the same for the various oil contents, if the oil to surfactant ratio was

kept constant. As expected, ∆Pflow was proportional to the emulsion viscosity [22].

3.3. W/O nanoemulsions

In this section, W/O nanoemulsions were prepared at different compositions by varying the viscosity of295

the continuous phase, viscosity of the dispersed phase and water content, which modifies the overall emulsion
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Figure 8: Membrane pressure as a function of cycle number for different Marcol 82 contents at a flowrate of 100 mL/min

Figure 9: Influence of dynamic emulsion viscosity on ∆Pflow and ∆Pdis

viscosity as described in Materials and Methods. The membrane pressure was measured for all formulations,

while the droplet size was reported only for formulations with different continuous phases.

14



3.3.1. Influence of the continuous phase viscosity

The effect of the continuous phase viscosity was investigated with four different oils as described in Table300

1: WMO, WMO + Marcol 82, Marcol 82 and Marcol 52. Water and total surfactant concentration were

kept constant at 10% and 5%, respectively. Figure 10 shows the membrane pressures measured at various

flowrates up to 50 mL/min except for the more viscous oil WMO where 40 mL/min was set to keep the

resulting pressure below 65 bar. The membrane pressure was proportional to the flowrate for the four

oils. At low flowrates, the membrane pressures were closed to each other except for the more viscous oil305

WMO, for which the pressure was higher. The differences between membrane pressures became higher when

increasing the flowrate. The membrane pressures tended to the same value, around 16.43±0.94 bar, as the

flowrate approached 0 mL/min. This value may represent the minimum pressure required for the emulsion

to flow through the membrane, also called emulsifying pressure in DME [29]. On the contrary, the membrane

resistance greatly increased when increasing the oil viscosity.310

The membrane resistance and the overall emulsion viscosity are plotted versus the continuous phase

viscosity in Figure 11. Both parameters are proportional to the continuous phase viscosity. Like for O/W

emulsions, the overall emulsions viscosity was proportional to the continuous phase viscosity. The membrane

resistance was also proportional to the viscosity.

As for O/W nanoemulsions, the viscosity of the continuous phase has a great influence on the feasibility315

of nanoemulsions production by PME. Indeed, the resulting pressure has to be lower than 65 bar, and the

viscosity has a major impact on the membrane pressure. The viscosity is of greater importance for W/O

nanoemulsions production as higher viscosities are involved.

Figure 10: Membrane pressure variation with flowrate for oils of different viscosities as continuous phases with oil and surfactant

content kept constant at 10% and 5% respectively
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Figure 11: Membrane resistance variation with flowrate and dynamic viscosity of the emulsion as a function of continuous phase

viscosity

3.3.2. Influence of the dispersed phase viscosity

To investigate the influence of the dispersed phase viscosity, nanoemulsions with five different concen-320

trations of glycerol in the dispersed phase (0, 25, 50, 75 and 100 %) were prepared. Figure 12 shows the

membrane pressure as function of flowrate for a fixed composition of 10% dispersed phase, 5% surfactant

and 85% Marcol 82 as the continuous phase. For concentrations up to 50% glycerol, the membrane pressure

did not change, however, at higher amounts of glycerol 75 and 100%, the membrane pressure values were

much lower. Indeed, at high glycerol concentrations, the density of the dispersed phase became higher and325

so the difference of density between the continuous and dispersed phases might induce sedimentation. It

is likely that the premix underwent sedimentation in the high pressure syringe pump and so the injected

dispersed phase was less concentrated, which might result in a decrease of the membrane pressure. Indeed,

the membrane pressure decreases when decreasing the amount of dispersed phase as seen previously with

O/W nanoemulsions and observed below for W/O nanoemulsions.330

In addition, when increasing the glycerol content, the viscosity of the dispersed phase increased to 27.8

mPa.s for 75% glycerol and 905.7 mPa.s for 100% glycerol. The difference in viscosities between the continuous

and dispersed phases was lower for 75% glycerol than for lower concentrations and can explain the decrease in

membrane pressure as seen for O/W results. However, this effect could not explain the decrease in membrane

pressure for 100% glycerol, where the difference in viscosities was very high. So, it seems that this effect335

could not explain the difference in membrane pressure observed as it did with O/W nanoemulsions.

These results suggest that for both O/W and W/O nanomulsions the dispersed phase viscosity in PME

has not a significant effect.
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Figure 12: Variation of membrane pressure for different amounts of glycerol in the dispersed phase, with oil and surfactant

content kept constant at 10% and 5% respectively

3.3.3. Influence of the dispersed phase content

The influence of the dispersed phase content was tested for four water concentrations 1, 5, 10 and 15%. The340

surfactant to water ratio was kept constant at 0.5 corresponding to surfactant concentrations of respectively

0.5, 2.5, 5, 7.5%. The oil used was Marcol 82 for all experiments. Figure 13 shows the variation of the

membrane pressure and emulsion viscosity with the dispersed phase content. The membrane pressure and

the dynamic viscosity were a linear function of the water content, at this range of concentrations. However,

as shown on Figure 9, for O/W nanoemulsions and at a larger range of dispersed phase concentrations, ∆Pm345

was the addition of a parameter that was highly dependent on viscosity ∆Pflow and one which was constant

∆Pdis. At our experimental conditions, the membrane pressure increased linearly with the water content;

it might be explained by the fact that in this dispersed phase range, viscosity increases linearly with water

content. In this case, the membrane pressure is the addition of one term that increase linearly with the water

content and one that does not depend on the water content, which explain its linearity.350

3.3.4. Determination of ∆Pflow and ∆Pdis

As for O/W nanoemulsions, ∆Pflow and ∆Pdis were determined from the influence of the cycle number on

the membrane pressure. For W/O, one composition was tested: 10% water, 5% surfactant and 85% Marcol

82, at 50 mL/min and the result is presented in Figure 14. At this composition and for these experimental

conditions, the difference in pressure between the first cycle and the stabilized pressure was ∆Pdis = ∆Pm1355

- ∆Pmf = 7.6 bar and ∆Pflow = ∆Pmf = 35.7 bar. ∆Pdis was lower than for O/W nanoemulsions. Indeed,

the flowrate was two times lower (50 mL/min for W/O and 100 mL/min for O/W nanoemulsions). ∆Pdis
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Figure 13: Variation of droplet size and membrane pressure with water content at 50 mL/min

should decrease when decreasing the flowrate, as suggested by Figure 6 where ∆Pmembrane was equal to 14.7

bar at 50 mL/min, suggesting a lower value of ∆Pdis than that obtained at 100 mL/min (14.5 bar). Further

investigations would be needed to investigate the effect of flowrate on ∆Pdis.360

Figure 14: Effect of cylcle number on membrane pressure at a composition of 10% water, 5% surfactant and 85% Marcol 82 at

a flowrate of 50 mL/min
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3.3.5. Influence on droplet size distribution

For W/O nanoemulsions, the droplet size measurement with the oil as the continuous phase is much more

difficult compared to O/W nanoemulsions with water as the continuous phase. Consequently, it was more

difficult to see the variation of droplet size. However, droplets size around 550 to 660 nm were observed by

laser diffraction (Figure 15). There was only a little effect of the continuous phase viscosity on the droplet365

size distribution. D50 decreased when increasing the continuous phase viscosity except for WMO but the

nanoemulsions were obtained at a lower flowrate. The effect of the continuous phase viscosity appears less

pronounced than for W/O nanoemulsions. It could be explained by the lower flowrate used, resulting in

lower shear stress, which can affect the influence of the continuous phase viscosity. Also, the droplet sizes

showed a broader distribution, and therefore it is more difficult to observe a real effect on the droplet size.370

Figure 15: Droplet size distribution of W/O nanoemulsions with different oils obtained at 50 mL/min except for WMO at 40

mL/min

4. Conclusion

In this study, O/W and W/O nanoemulsions were prepared successfully by PME and SPG membranes.

For that, a controlled set-up including a high pressure syringe and a membrane module in PME mode,

developed in our previous study, was used [16]. As the pressure through the membrane must be lower than

65 bar, we investigated the effect of viscosities of the continuous phase, dispersed phase, and dispersed phase375

content to be able to produce viscous O/W and W/O nanoemulsions successfully.

The resulting pressure is a key parameter which governs the production of nanoemulsions in PME and is

due to three main resistances: the resistance of flow through the pipe connecting the pump to the membrane
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module ∆Ppipe, the resistance of flow through the membrane pores ∆Pflow and the resistance due to the

disruption of the premix droplets into nanodroplets in the membrane pores ∆Pdis.380

First, the pressure drop through the pipe connecting the pump to the membrane module was measured

and shown to be proportional to the emulsion viscosity as predicted by Poiseuille′s equation, for both O/W

or W/O nanoemulsions. Then, the effect of viscosity on the pressure through the membrane and droplet size

was investigated for O/W nanoemulsions. It was found that the membrane pressure was highly dependent

on the emulsion viscosity especially at higher viscosities. The continuous phase viscosity had a great impact385

on the pressure as it increased the overall emulsion viscosity and on the droplet size distribution with a

significant decrease due to the increase of the shear stress within the membrane pores. The dispersed phase

viscosity had a lower impact on the membrane pressure, which can be explained by the viscosity difference

between the dispersed and continuous phases, and no significant influence on the droplet size distribution.

W/O nanoemulsions were produced with mean droplets size around 600 nm at 50 mL/min. W/O na-390

noemulsions were more difficult to produce and to characterize, but the different viscosities had the same

influence on the membrane pressure as for O/W nanoemulsions.

These results suggest that in PME the pressure needed to break up the droplets from the premix ∆Pdis

does not depend on viscosity. At low flowrates and low viscosities, the resulting pressure is nearly equal to

∆Pdis. However, at high flowrates and high viscosities, the two other pressures ∆Pflow and ∆Ppipe have an395

important effect as they are proportional to the viscosity of the overall emulsion.
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