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Abstract

Food-grade water-in-oil-in-water (W/O/W) multiple emulsions with a volume median
diameter of outer droplets of 50−210 μm were produced by injecting a water-in-oil (W/O)
emulsion at the flux of 30 L m−2 h−1 through a 10-μm pore electroplated nickel membrane
oscillating at 10−90 Hz frequency and 0.1−5 mm amplitude in 2 wt% aqueous Tween® 20
(polyoxyethylene sorbitan monolaurate) solution. The oil phase in the primary W/O emulsion
was 5 wt% PGPR (polyglycerol polyricinoleate) dissolved in sunflower oil and the content of
water phase in the W/O emulsion was 30 vol%. The size of outer droplets was precisely
controlled by the amplitude and frequency of membrane oscillation. Only 3−5 % of the inner
droplets with a mean diameter of 0.54 µm were released into the outer aqueous phase during
membrane emulsification. A sustained release of 200 ppm copper (II) loaded in the inner
aqueous phase was investigated over 7 days. 95% of Cu(II) initially present in the inner water
phase was released in the first 2 days from 56-µm diameter multiple emulsion droplets and
less than 15 % of Cu(II) was released over the same interval from 122 µm droplets. The
release rate of Cu(II) decreased with increasing the size of outer droplets and followed nonzero-order kinetics with a release exponent of 0.3−0.5. The prepared multiple emulsions can
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be used for controlled release of hydrophilic actives in the pharmaceutical, food, and
cosmetic industry.

Key words
Multiple emulsion • Oscillating membrane • Sustained release • Membrane emulsification •
Microencapsulation.

1. Introduction

A water-in-oil-in-water (W/O/W) multiple emulsion is a three-liquid-phase system consisting
of aqueous phase droplets dispersed within larger oil droplets, which are themselves
dispersed in another aqueous phase [1]. Due to their hierarchical organisation and multicompartmental structure, multiple emulsions may find useful applications in various fields,
such as particle synthesis [2], microencapsulation [3], sustained release [4], separation
processes [5], and formulation of low-fat food products [6]. W/O/W emulsions are usually
prepared via a two-step emulsification process using two sets of surfactants. First, W/O
emulsion is formed under high-shear conditions in the presence of hydrophobic surfactant(s)
dissolved in the oil phase, whereas the second step is carried out in the presence of
hydrophilic surfactant(s) dissolved in the outer aqueous phase and under low shear stress to
minimise the release of inner water droplets. Conventional emulsification devices usually
lead to highly polydisperse outer droplets and/or low yields of inner droplets.

Multiple emulsions with monodispersed outer droplets and 100 % yield of inner droplets can
be prepared using microfluidic strategies, for example using a T-junction or hydrodynamic
flow focusing [7, 8]. Furthermore, microfluidic approaches enable control over the internal
structure of multiple emulsion and can be used for single-step generation of core-shell
droplets [9], high-order multiple emulsion droplets (triple, quadruple, and quintuple)
containing multiple concentric shells [10], multiple emulsion droplets with a controlled
number of inner droplets [11], and multiple emulsion droplets containing two distinct types of
inner droplets [12]. However, microfluidic channels suffer from wetting and clogging
problems and the flow rates of the dispersed phase are very low, typically 0.01−10 ml h-1.
Droplet throughput can be improved by injecting a dispersed phase through silicon
microchannel arrays consisting of hundreds of thousands of parallel microchannels [13, 14].
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W/O/W emulsions were also prepared by passing a W/O/W pre-emulsion through a
microporous glass membrane multiple times [15, 16] or injecting a W/O emulsion through
membrane into an agitating [17-18] or recirculating [19] continuous phase liquid. Membrane
emulsification devices and processes have been recently reviewed by several authors [20, 21,
8]. Although shear stress on the membrane surface in these methods is very low, the droplets
can be disrupted during prolonged recirculation or agitation. Breakage of droplets in the
product stream can be minimised by delivering the continuous phase in pulsed cross flow
[22] or using rotating membrane [23], which eliminates the need for recirculating or agitating
the product.

Pawlik and Norton [24] prepared food grade W/O/W emulsions using three different
techniques: SPG cross-ﬂow membrane, SPG rotating membrane and high-shear mixer. The
emulsions prepared using the rotating membrane released only small amounts of sodium
chloride from the inner droplets (up to 1.2%) during the emulsification process compared to
the high-shear mixer (up to 2.8% for 10 min mixing) and the cross-flow membrane (up to
7.5% for 45 min recirculation). The amount of salt released during storage was also found to
depend on the emulsiﬁcation technique (8–20% for the cross-ﬂow membrane, 13% for the
high-shear mixer and 8% for the rotating membrane). Schuch et al. [25] compared production
of W/O/W emulsions in rotor-stator devices (colloid mill and tooth rim dispersing machine),
high pressure homogenizers (standard and modified) and high-shear rotating membrane
device with stainless steel wire mesh membrane. The encapsulation efficiency of inner
droplets, measured by differential scanning calorimetry (DSC), was found to predominantly
depend on the size of the outer oil drops: the bigger the oil drops in W/O/W emulsions, the
higher the measured encapsulation efficiency. Multiple emulsions with comparable oil drop
sizes produced with different devices showed very similar encapsulation efficiency [25].

In this work, we have used a novel membrane emulsification strategy for production of
W/O/W emulsion based on injection of W/O emulsion through oscillating nickel membrane.
In this process, shear stress is generated on the membrane/product interface, but not in the
bulk of the product stream, which preserves the integrity of multiple emulsion droplets after
formation and leads to high yields of inner droplets. Another advantage of oscillating
membrane over stirred and cross-flow emulsification systems is that it can easily be scaled up
because the droplet size is independent on the system geometry.
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2. Experimental

2.1 Materials

The oil phase in W1/O/W2 emulsions was 5 wt% PGPR (polyglycerol polyricinoleate, Stepan
UK Ltd, Stalybridge) dissolved in refined sunflower oil with a density and viscosity at 25 °C
of 915 kg m-3 and 51 mPa⋅s, respectively. The inner aqueous phase (W1) was 0.9 wt% NaCl
solution, which was isotonic with human blood serum and the content of inner aqueous phase
in the oil phase was 30 vol%. The outer aqueous phase (W2) was 2 wt% Tween® 20
(polyoxyethylene sorbitan monolaurate, Fluka, UK) containing 0.9 wt% NaCl to counteract
the osmotic pressure in the inner droplets and provide osmotic equilibrium. The density and
viscosity of the outer aqueous phase at 25 °C were 1000 kg m-3 and 1.01 mPa⋅s, respectively
and the interfacial tension at the interface between the outer aqueous phase and W/O
emulsion was 0.83 mN m-1. In the controlled release experiments, NaCl from the inner water
phase was replaced by 2000 ppm CuSO4 (Fisher Scientific, UK). Cu(II) in the form of copper
sulphate (Fisher Scientific, UK). Cu(II) was used as a marker, because Cu(II) concentration
in aqueous phase was measured by atomic adsorption spectroscopy down to parts per billion,
so that even the smallest changes in the released Cu(II) could be detected.

2.2 Oscillating membrane emulsification rig

Oscillating membrane emulsification system (Micropore Technology Ltd, Hatton, England)
used in this work is shown in Figure 1. The membrane used was a nickel membrane
containing spatially regular hexagonal array of cylindrical pores with a diameter of dp =
10 μm and interpore distance of L = 200 μm, fabricated by galvanic deposition of nickel onto
a microfabricated template. The membrane porosity was 0.2 %, as calculated from the
equation [26]:

ε=

π dp 

2

 
2 3  L 

(1)

The membrane was in the form of a vertical hollow tube with a conical stainless steel bottom,
used to reduce turbulence during oscillation. The outside diameter and height of the
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membrane tube was 15 and 57 mm, respectively. At the top of the membrane tube there was a
1/8 inch BSP fitting to enable the tube to be attached to the inlet manifold. The oscillation
signal was generated by an audio generator (Rapid Electronics), which fed a power amplifier
driving the electro-mechanical oscillator on which the inlet manifold was mounted. The
frequency and amplitude of the oscillation were determined by a PCB Piezotronics analogue
accelerometer (M352C65) attached to the inlet manifold. The accelerometer was connected to
a National Instruments analogue-to-digital converter (NI eDAQ-9172) interfaced to a
LabView executable program, which was used to analyse the output signal from the
accelerometer.

Figure 1. Schematic view of the experimental setup for oscillating membrane emulsification.
A magnified detail at the top right corner is the membrane tube with optical micrograph of
the membrane surface. The inset in the top left corner shows temporal variations of the shear
stress on the membrane surface at 10 and 40 Hz and amplitude of 5.0 and 0.6 mm,
respectively over 100 ms. The peak shear stress was 2.5 Pa in both cases.

2.3 Procedure

W1/O/W2 emulsions were prepared by a two-step emulsification procedure. The primary
(W1/O) emulsion was produced using a homogeniser (Ultra Turrax®, model T25, IKA Works,
USA) at 24,000 rpm for 5 min, which resulted in the mean diameter of water droplets of 0.54
µm. If the pore diameter of the membrane is equal to or smaller than the diameter of the
water particles, the water particles will be rejected by the membrane so that it will be
impossible to obtain a W/O/W emulsion [27]. In this case, the maximum size of the water
5

droplets was one order of magnitude smaller than the pore size. The W1/O emulsion was then
injected through the membrane (pre-soaked in a wetting agent for at least 30 min to increase
the hydrophilicity of the surface) using a Harvard Apparatus model 11 Plus syringe pump.
The transmembrane flux in all experiments was 30 L m−2 h−1 and the final concentration of
W1/O emulsion in W1/O/W2 emulsion was 5 vol%. Once the desired amount of the W1/O
emulsion had passed through the membrane both the pump and the oscillator were switched
off and the droplets were collected and analysed. 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 arithmetic mean of these was reported.
The mean 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). The micrograph of membrane surface was taken using a
Leitz Ergolux optical microscope, whereas the micrographs of emulsion droplets were taken
using Medline Scientific microscope in the reflected light mode. The entrapment efficiency
and the release rate of copper (II) were measured using disposable centrifugal ultrafiltration
(UF) unit (Vivaspin 6, Sartorius AG, Goettingen, Germany) to separate the droplets from the
continuous phase and then Atomic Absorbance Spectrometry (using Spectra AA-200 Varian,
UK) to analyse the filtrate. Centrifugal separation was performed at 1300 rpm for 40 min
using a Heraeus Labofuge 400R centrifuge (Thermo Scientific, Germany) and the
polyethersulfone membrane used to separate the droplets from the continuous phase had a
mean pore size of 0.2 µm. The operating parameters used in the range of Cu(II) concentration
of 0.03−10 ppm were: wavelength = 324.7 nm, slit width = 0.2 nm and fuel = acetylene.

The entrapment efficiency (EE) of Cu(II) was defined as a mass of Cu(II) entrapped in
multiple emulsion droplets immediately after the emulsification process (at t=0) divided by
the total mass of Cu(II) added to the inner water phase, Mi:

EE =

mass of Cu(II) added − mass of Cu(II) released at t = 0 M i − M 0
=
mass of Cu(II) added
Mi
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(2)

where M0 is the mass of Cu(II) released at t=0. The mass of Cu(II) added to the inner water
phase is given by:

M i = C iφ woφ wowVwow

(3)

where Ci is the initial concentration of Cu(II) in the inner water phase, Vwow is the volume of
the W1/O/W2 emulsion produced, φwo is the volume fraction of the water phase in the W1/O
emulsion, and φwow is the volume fraction of the W1/O emulsion in the W1/O/W2 emulsion.
Neglecting the change in the volume of the outer water phase as a result of expulsion of the
inner droplets, the mass of Cu(II) released at t=0 is given by:
M 0 = C 0Vwow ( 1 − φ wow )

(4)

where C0 is the concentration of Cu(II) in the outer water phase at t=0. The substitution of
Equations (3) and (4) into Equation (2) gives:

EE = 1 −

C 0 1 − φ wow
C i φ wowφ wo

(5)

In this work, Ci = 2000 ppm, φwo=0.3, and φwow=0.05. The release profile of Cu(II) from the
inner droplets was monitored by measuring the concentration of Cu(II) in the permeate after
incubation of the emulsion at room temperature for a specific time period and centrifugal
separation. The maximum concentration of Cu(II) in the permeate corresponding to infinitely
long release time was C∞ = 31.6 ppm, calculated from Equation (5) as C0 value for EE = 0.

3. Results and Discussion

3.1 Influence of parameters of membrane oscillation on droplet size

Figures 2 and 3 show the influence of amplitude and frequency of membrane oscillation on
the size of multiple emulsion droplets produced. As shown in Figure 2, the size of outer
droplets was varied from 50 to 212 µm by using different combinations of amplitude and
frequency. Therefore, the droplet size can be controlled without interrupting the process and
7

replacing the membrane. Although the droplets were not monodispersed, a relative span of
the particle size distribution of 0.36−0.56 was comparable to what was achieved in cross-flow
SPG membrane emulsification [28, 29]. The ratio of the droplet size to the pore size of 5−21
is greater than 3−4, found when using Shirasu Porous Glass (SPG) membrane in the dripping
regime [19, 28]. It can be explained by non-spherical tortuous pores of SPG membrane [2930], causing a droplet to strongly deform before detachment and providing additional droplet
detaching force based on the system's tendency to lower its interfacial free energy [31-32].
Another reason for high droplet-to-pore size ratio observed for nickel membrane is a high
velocity of the dispersed phase in the pores due to low membrane porosity, which leads to
dripping-to-jetting transition at the lower transmembrane flux than for SPG membrane of the
same pore size. The membrane used in this work had a porosity of only 0.2 %, while SPG
membrane has the porosity between 50 and 60 % [30].
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Figure 2. Optical micrographs and particle size distributions of multiple emulsions produced
in this work. The operating parameters are so chosen to show the ability of oscillating
membrane with the same pore size to produce droplets of widely different sizes: (a) a=5 mm,
f=20 Hz; (b) a=2.5 mm, f=15 Hz; (c) a=0.4 mm, f=70 Hz; (d) a=0.1 mm, f=90 Hz.
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Figure 3. Particle size distributions of multiple emulsions with similar droplet sizes prepared
using different combinations of frequency and amplitude.
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In oscillating membrane emulsification, there are two independent parameters affecting shear
stress on the membrane surface: frequency and amplitude of the membrane oscillation. In
order to produce emulsions with the same particle size distribution, the higher amplitude must
be offset by the lower frequency and vice versa (Figure 3). Therefore, the droplet size in
oscillating membrane emulsification is not determined by individual values of the frequency
or amplitude but a combination of both values. Oscillating membrane system provides a
higher degree of control over the droplet size than in a cross-flow, stirred cell or rotating
membrane system, where there is only one hydrodynamic parameter that can be used to
adjust shear stress (cross flow velocity, stirrer speed or membrane rotation speed).

In the dripping regime the diameter x of outer droplets is determined by the balance between
the shear force pulling a droplet tangentially along the membrane surface and the interfacial
tension force resisting that motion. In equilibrium [33]:

x=

2
4
2
18τ max
γ2
rp2 + 2 81τ max
rp4 + 4rp2τ max

(6)

3τ max

where rp is the pore radius, τmax is the peak shear stress on the membrane surface and γ is the
interfacial tension between the outer aqueous phase and the oil phase. Eq. (6) is valid for the
zero inertial force of the dispersed phase, i.e. for low velocities of the dispersed phase in the
pores. The peak shear stress is the maximum value of the shear stress given by [34]:

τ max = (2π ) 3 / 2 ( µ aq ρ aq )1 / 2 af 3 / 2

(7)

where a and f is the amplitude and frequency and µaq and ρaq is the viscosity and density of
the outer aqueous phase. Eq. (7) indicates that the same τmax value can be obtained for any
pair of a and f values that satisfy the condition: a2/a1 =(f1/f2)3/2. Therefore, the effect of higher
frequency can be counterbalanced by decreasing amplitude, as shown in Figure 3.

Figure 4 shows the volume median diameter as a function of the peak shear stress on the
membrane surface for O/W and W/O/W emulsions prepared at different frequencies ranging
from 10 to 40 Hz. The lines in Figure 4 are model curves constructed using Eqs. (6) and (7).
A droplet should experience at least one peak shear event during formation on the membrane
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surface for the model to be applicable. Since there are 2/f peak shear events per oscillation,
the droplet formation time should be greater than 50 and 12.5 ms at f = 10 and 40 Hz,
respectively. The droplet formation time depends on the percentage of active pores. The
higher the percentage of active pores, the smaller the velocity of the dispersed phase in the
pores and the longer the droplet formation time becomes. The percentage of active pores can
only be determined by microscopic observation of the membrane surface [30] and therefore,
it was unknown in this work. For f = 40 Hz and d(v,0.5) = 50 µm (the smallest droplet size in
Figure 4), the droplet formation time was estimated to be more than 20 ms for the percentage
of active pores of 10% and 12.5 ms for the percentage of active pores of 6%.

As shown in Figure 4, the droplet size decreased with increasing the peak shear stress, which
is a type of behaviour observed in all membrane emulsification systems (cross flow, pulsed
cross flow, stirred cell, and spinning membrane). It can be seen that the droplets with
different diameters were produced at the same frequency, which was due to different peak
shear stresses imposed on a droplet by using different amplitudes. The droplet size reached a
minimum limiting value at the shear stress of about 5 Pa indicating that the peak shear stress
does not need to be above 5 Pa. The model predicted the size of O/W droplets very well, but
underestimated the size of W/O/W droplets, which could be explained by partial wetting of
the membrane surface, due to presence of PGPR and inner water phase in the oil phase. As a
result of membrane wetting, the dispersed phase was not held in the pore areas, but spread
over the larger area around a pore. However, the span of the particle size distribution was
similar to that for O/W emulsions produced in the same oscillating membrane device [34].
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Figure 4. The volume median diameter as a function of the peak shear stress at the membrane
surface for O/W and W/O/W emulsions prepared at different frequencies. The solid and
dashed line is a model curve for O/W and W/O/W emulsions, respectively, constructed using
Eqs. (1) and (2). For O/W emulsion γ = 5 mN m-1 and for multiple emulsion γ = 0.83 mN m-1.

3.2 Controlled release from the prepared multiple emulsions

The entrapment efficiency of Cu(II) under different experimental conditions was calculated
using Equation (5) and expressed as a percentage. As shown in Figure 5, the entrapment
efficiency of Cu(II) ranged from 95 to 97 % and increased with increasing the Sauter mean
diameter of outer droplets in the range from 56 to 122 µm. The release of copper (II) during
membrane emulsification was probably due to the release of inner water droplets, because
emulsification time was only several minutes. The maximum shear stress at the membrane
surface led to the smallest multiple emulsion droplets and caused the maximum release of the
marker, which corresponds well with previous findings obtained in the Dispersion Cell [17]
and rotating membrane emulsification [25].
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Figure 5. The entrapment efficiency of Cu(II) in the prepared multiple emulsions as a
function of Sauter mean diameter of outer droplets.

The relative amount of Cu(II) released from the inner droplets at time t was calculated using
the following equation:

R=

M t − M 0 Ct − C0
Ct − C0
=
=
M i − M 0 C ∞ − C 0 C i [ φ wowφ wo /( 1 − φ wow )] − C 0

(8)

where Mt is the mass of Cu(II) released at time t, and Ct and C∞ is the concentration of Cu(II)
present in the outer water phase after the incubation period of t and ∞, respectively. Figure 6
shows the percentage of copper (II) released from the oil droplets (R×100) during stationary
storage at room temperature as a function of the Sauter mean diameter of the outer droplets.
Although phase separation (creaming) observed during storage, the oil droplets did not
coalesce. The release of Cu(II) followed non-zero-order kinetics with the release rate
decreasing with time according to the Korsmeyer-Peppas model [35]: Ct/C∞ = Ktn, where K is
the release rate constant and n is the release exponent. To find n value, the portion of the
release curve where Ct/C∞ < 0.6 should only be used. Due to limited number of data points
that satisfy this condition, the release exponent could not be determined very accurately. The
values of n were found to range from 0.3 to 0.5 for different curves in Figure 6. It should be
noted that n=0.5 corresponds to Fickian diffusion mechanism. The release rate was higher for
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smaller outer droplets, due to higher interfacial area per unit volume, as would be expected
for the transfer by molecular diffusion. The maximum amount of Cu(II) released into the
outer aqueous phase was 95.3−96.0 % and was achieved after 2−6 days for the emulsions
with d3,2 = 53−68 µm. The remaining 4-4.7% of Cu(II) was captured within the droplets and
could not be released, probably because the recovery yield of C(II) from the aqueous phase
was less than 100%. The recovery yield was defined by Regan and Mulvihill [36] as the
concentration of marker in the aqueous phase recovered from an emulsion that has been
separated into a cream layer and an aqueous phase by centrifugation relative to the
concentration of marker present in (or added to) the outer aqueous phase after emulsion
preparation. In addition, Cu(II) could react with free fatty acids from sunflower oil to form
copper salts of fatty acids (soaps). The copper oleate was synthesised by reacting Cu(II) with
sodium oleate in the mixture of ethanol, distilled water and hexane at 70 °C [37]. Although in
this work emulsions were stored at room temperature and sunflower oil differs from the
above mentioned solvent mixture, the formation of copper soups cannot be fully excluded.
Figure 6 shows that the emulsion with the biggest droplets (d2,3=122 µm) prepared by
imposing the minimum shear stress on the membrane surface released the lowest amount of

Cumulative % of Cu(II) released

Cu(II), only 22 % after one week.
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Figure 6. The amount of copper(II) released from multiple emulsions during incubation at
room temperature as a function of the Sauter mean diameter d3,2 of outer droplets.
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3.3 Comparison of different emulsification methods

In Figure 7, particle size distribution curves and optical micrographs of multiple emulsions
were compared for the following three emulsification methods: (a) Ultra Turrax at 2000 rpm
for 60 s, (b) magnetic stirrer at 1760 rpm for 300 s, and (c) oscillating membrane at a = 0.4
mm and f = 70 Hz. The multiple emulsion produced by Ultra Turrax had a bimodal
distribution with the first peek between 0.1 and 1 µm and the second peak between 10 and 30
µm. Small micron-sized droplets and large 10-µm droplets are noticeable in the micrograph
in the upper left corner of Figure 7. The droplets produced by magnetic stirrer and oscillating
membrane had very similar mean droplet size (111 and 122 µm), but the oscillating
membrane system produced more uniform droplets then magnetic stirrer. The encapsulation
efficiency, EE, for the emulsion with d3,2 = 111 μm prepared using magnetic stirrer was 96%,
as compared to the EE of just over 97% for the emulsions with d3,2 = 122 μm prepared using
oscillating membrane at 0.4 mm amplitude and 70 Hz frequency. These results confirm
previous findings that W/O/W emulsions with comparable oil drop sizes produced with
different emulsification devices give approximately the same EE [25]. The EE was 70 % for
the homogenisation process performed with Ultra Turrax® at 11,000 rpm for 300 s, but the
EE was improved to 93 % when the mixing time was decreased to 10 s at 11,000 rpm.
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Figure 7. Optical micrograph and particle size distribution of multiple emulsions produced
using three different emulsification methods: (a) Ultra Turrax at 2000 rpm for 60 s; (b)
Magnetic stirrer at 1760 rpm for 300 s; (c) Oscillating membrane at a=0.4 mm and f = 70 Hz.
The same scale bar applies to micrographs (a), (b), and (c).

Conclusions

Multiple emulsions with high entrapment efficiency of hydrophilic marker (copper salt) of
95−97 % and narrow particle size distribution (span = 0.36−0.56) were produced using
oscillating membrane emulsification. High encapsulation efficiency of the marker was
attributed to low shear stresses imposed in the bulk of the continuous phase during membrane
oscillations. Multiple emulsions with the biggest outer droplets released the smallest amount
of marker (less than 3%) from the inner droplets during the emulsification process. The size
of outer droplets was precisely controlled by the two membrane oscillation parameters:
16

frequency and amplitude that can be changed independently and used to calculate the peak
shear stress on the membrane surface, a single parameter that determines the droplet size. The
droplet size was found to decrease with increasing the peak shear stress, irrespectively of the
individual values of frequency or amplitude. The force balance model predicted well the size
of single emulsion droplets, but underestimated the size of multiple emulsion droplets. The
release of copper (II) from inner water droplets was characterised by an initial burst, which
can be attributed to the release of inner droplets into the outer aqueous phase during
membrane emulsification, followed by a sustained release during storage as a result of
molecular diffusion through the oil phase. The rate of copper release decreased with
increasing the droplet size and followed non-zero-order kinetics with a release exponent
ranging between 0.3 and 0.5.
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