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a b s t r a c t

Uniform Polyethersulfone (PES) microspheres of target size in the range of 30–60 mm were successfully
prepared by combining membrane emulsification technology and phase separation induced process in
one step. An emulsion is generated by injecting the polymeric solution through a microporous
membrane into the continuous phase which allows also the phase separation induced process and
precipitation of the polymer (coagulation bath). Therefore, the droplets formation and solidification
occur in a single step. Furthermore, the preparation of non-aqueous (O/O) emulsions by membrane
emulsification as well as the preparation of polymeric microspheres by non-solvent induced phase
separation has never been reported previously. The effect of continuous phase-coagulation bath
composition, hydrophobic emulsifier, dispersed phase flux and shear stress on size and uniformity of
PES microspheres has been investigated. Key factors in microspheres production by membrane
emulsification and phase separation induced process mechanism include the solvent/non-solvent system
type, non-solvent composition and O/O interface composition. Polymeric microspheres with spherical
morphology have been produced by tailoring such key factors.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Polymeric microspheres are spherical microscopic particles in
the range between 1 and 1000 μm manufactured from various
natural and synthetic materials. They are used to deliver, protect,
stabilize or control the release of the encapsulated compounds in
medical, food, cosmetic and pharmaceutical field. Polymeric
microspheres are produced by physical or chemical methods,
however, three main common steps can be identify: (i) dispersion
or emulsion preparation; (ii) deposition of the material that forms
the particle wall and (iii) solidification to transform the droplets
into solid microspheres. Usually microspheres are produced start-
ing from oil-in-water (O/W), water-in-oil (W/O) or water-in-oil-in
water (W/O/W) emulsions while the solidification is obtained
by cross linking, polymerization, solvent evaporation/extraction.
Non-aqueous emulsions (i.e., oil-in-oil (O/O)) can also serve as a
versatile tool for the synthesis of new types of polymeric particles.
They are obtained by mixing two different immiscible polar
aprotic/organic nonpolar solvents. The introduction of the non-
aqueous emulsions can be traced back to Molau (1965) [1] while
Periard et al. (1970) [2] are amongst the first to talk about
O/O emulsion. These systems have been successively used in the
ll rights reserved.

: +39 0984 402103.
synthesis of particles based on water sensitive monomers or
catalysts that cannot usually be achieved by classical approaches.
Some examples include the use to perform polyadditions, [3]
polycondensations, [4] or oxidative polymerization [4] for the
preparation of polymer nanoparticles or even core/shell particles
by a combination of different polymerization methods [5–8].
In recent years, hydrophilic and hydrophobic, smooth and rough,
solid and hollow, porous and uniform particles with controlled
size and uniform size distribution have been successfully produced
by combining microengineering techniques and appropriate soli-
dification process. Polymeric particles can be made from emul-
sions containing the dissolved polymer or monomer in the
dispersed phase and an emulsion stabilizer in the continuous
phase. The method used for microspheres preparation depends on
the attributes of the polymer (such as physic-chemical para-
meters) in order to obtain microspheres with properties tailored
for a specific application. However, the preparation of polymeric
microspheres with controlled and uniform size distribution is still
a challenge. For this reason, the key step in the production of
polymeric microspheres is the manufacturing of emulsions dro-
plets. Emulsions are usually generated by “droplet break-up”
mechanism in conventional emulsification devices and highly
polydisperse and uncontrolled size droplets are obtained. Over
the past two decades novel microengineering techniques have
been developed for the controlled production of uniform droplets
such as membrane emulsification, microchannel emulsification
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and microfluidic emulsification [9–11]. The dispersed phase is
injected through microchannels or membrane pores into another
immiscible liquid that is the continuous phase. To form the
particles, the solvent for the polymer is removed by evaporation
[12] or alternatively by means of cross-linking agent [13] or
initiator [14] which are added in the continuous phase to promote
the suspension polymerization. However, few papers reported the
combination of phase separation induced technique with mem-
brane process concept but in two separate steps [15–17]. In our
previous work, a “model membrane” consisting of a monopore
polyethylene film, was used to prove the concept idea of making
the formation of the polymeric drop in an organic media (emul-
sion formation) and, as second step, its solidification (particle
formation) in the coagulation phase. Modified polyetherether-
ketone (PEEKWC), polyvinilydene fluoride (PVDF) and polyether-
sulfone (PES) particles in the range between 800 and 1500 mm
have been prepared [15–17]. The polymer is dissolved in a polar
aprotic solvents such as dimethyl formamide (DMF) while an
organic nonpolar solvent such as dodecane was used as oil phase.
Non-aqueous (O/O) emulsions have been produced and the phase
separation was induced by the non-solvent phase (isopropanol–
water mixture), used as coagulation bath, for solidifying the
polymer drop solution in a second step.

The aim of this work was to investigate PES microspheres
generation combining membrane emulsification process with
phase separation induced method. In particular, the use of a
non-aqueous (continuous) phase allowed both the formation of
the emulsion and, at the same time, the starting of the polymer
precipitation (slower demixing than water) thanks to the weaker
phase inducer employed. An emulsion is generated by injecting
the polymeric solution through a microporous membrane into the
non-aqueous continuous phase that works at the same time as
phase separation inducer and allow the particle formation. In this
case, droplets formation and solidification occur in a single step.
To our knowledge, the preparation of non-aqueous (O/O) emul-
sions by membrane emulsification as well as the preparation of
polymeric microspheres by non-solvent induced phase separation
has not been previously reported. A summary of the main
advances, introduced in this paper, is reported:
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Fig. 1. Illustration of the dispersion cell and the ringed membrane used in microsphere
with phase separation induced process.
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microspheres are produced at much higher throughputs
because the number of drop generation units (pores) compared
to just one drop generation unit (monopore);
2.
 the continuous phase is homogeneous solutions obtained
mixing the non-solvent (organic non-polar solvent) and the
surfactant solution (hydrophobic surfactant) and particles pro-
duction and solidification occurred in a single step;
3.
 microspheres size is reduced more than 30 times the size
obtained with the monopore.

Therefore, the main emphasis of this work was to investigate
the effect of hydrophobic emulsifier, shear stress, dispersed phase
flux, dispersed phase concentration on the size and uniformity of
PES generated droplets. Different non-solvents were used in the
preparation of the continuous phase-coagulation bath in order to
evaluate the effect on the induced phase separation process.
2. Experimental section

2.1. Materials

Polyethersulfone (ICI VICTREX) was dried in an oven at 50 1C
for 48 h and dissolved in N, N-Dimethylformamide (DMF, Sigma
Aldrich, Italy) and used as polymeric dispersed phase. Paraffin oil
(Carlo Erba Reagenti, Italy) containing polyglycerol fatty acid ester
(SY-Glyster PO-55, Sumitomo Corporation, Japan) as surfactant
and dodecane or isooctane or butanol or isopropanol (all pur-
chased from Carlo Erba reagent, Italy) is used as continuous phase-
coagulation bath.

Brookfield DV-II viscometer (Brookfield Engineering Labora-
tories, Inc. Stoughton, MA) was used to evaluate the viscosities of
the polymer solutions and the solutions used as continuous phase-
coagulation bath.

2.2. Membrane and membrane module

The emulsions were obtained using a stirred cell with a nickel
flat disc membrane under the paddle blade stirred. A ringed
Peristaltic Pump Dispersed Phase
Storage Tank
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hydrophobic membrane with pore size of 5 μm and effective cross-
sectional area of 3.8 cm2 was used. The stirred cell and the
membrane are illustrated in Fig. 1. They are both supplied by
Micropore Technologies Ltd. (Hatton, Derbyshire, UK). In the
previous studies [19,20], it was found that a stirred cell with a
varying radial shear field at the surface of the flat disc membrane
could produce uniformly sized drops. In this device, the shear
stress is generated by a paddle blade stirrer on the top of the
membrane surface. There is a transitional point on the membrane
surface between the forced and free vortex around the paddle-
blade stirrer. The region in which dispersed phase droplets are
generated is limited to that close to the position where the shear is
greatest as a consequence of a greatest pressure difference across
the membrane. Hence, the drop-size distribution of product is
narrow because droplets are generated from a narrow radial
annular region on the disc membrane. The agitator was driven
by a 24 V DC motor (INSTEK Model PR 3060) and paddle rotation
speed in the range from 554 to 775 rpm was controlled by the
applied voltage. The dispersed phase is injected using a peristaltic
micropump (Ismatec, model C.P. 78016-30) with the flow rate in
the range from 0.08 to 0.3 ml min−1.
2.3. Experimental set-up and procedure

A homogeneous polymer solution was prepared by dissolving
PES (10 wt%) in DMF under stirring (dispersed phase). A homo-
geneous solution was prepared by mixing paraffin oil with
dodecane or isooctane (continuous phase). The ratio between
paraffin and the other organic solvent was selected in order to
have the same solution viscosity for all the mixture used as
continuous phase-coagulation bath. SY-GlysterPO-55 was used as
emulsifier and dissolved in paraffin oil/organic solvent in order to
obtain a final concentration of 2 wt%. In some experiments,
isopropanol or butanol were introduced in the continuous
phase-coagulation bath in order to obtain a final concentration
of 2 wt%. The emulsion composition and viscosity of the phases are
listed in Table 1.

Metallic hydrophobic membrane was washed and sonicated
several times with soap, alkaline solution and distilled water to
clean the surface and membrane pores before each experiment.
The cleaned membrane was, then, further sonicated with few ml
of paraffin solution for wetting the membrane surface. The
membrane was fixed in the dispersion cell and 10 wt% PES/DMF
was injected through the membrane while the continuous phase
(Paraffin/organic solvent/emulsifier) was also transferred to the
cell and stirring unit was fixed. The effect of shear stress and
dispersed phase flux was evaluated in the range between 6.7 and
11.2 Pa and 13 and 38 L m−2 h−1, respectively. The volume of
dispersed phase, permeated through the membrane during emul-
sification experiments, was measured by a graduated cylinder. The
initial volume of the continuous phase in the cell was 60 cm3 and
the experiments were run until the dispersed phase concentration
reached the desired amount. The droplets were collected, filtered
through a porous support, washed several times with n-hexane to
Table 1
Emulsion phases composition and viscosity.

Concentration (%wt)

Dispersed phase 10 %wt PES–90 %wt DMF
Continuous phase 83 %wt Paraffin oil–15 %wt Dodecane

85 %wt Paraffin oil–13 %wt Isooctane
81 %wt Paraffin oil–15 %wt Dodecane–2 %wt Isop
81 %wt Paraffin oil–15 %wt Dodecane–2% wt Buta
83 %wt Paraffin oil–15 %wt Dodecane
remove traces of continuous phase and finally dried at vacuum
oven (70 1C) and stored for further analysis.

Several parallel experiments were performed to select suitable
continuous phase and dispersed phase concentration, surfactant
and operating parameters (such as shear stress, dispersed phase
flux) used to control droplets size and droplets size distribution
during the production of the microspheres by membrane emulsi-
fication. Each experiment was run at least in triplicates and
average values were reported. Error bars reported on the graphs
indicate the standard deviation case by case.

2.4. Microspheres characterization

Particles size and particles size distribution were measured by
optical microscopy (Zeiss, model Axiovert 25) equipped with a
camera (JVC, model TK-C1481BEG) to capture the images of the
emulsions. Particles size was measured using scion image soft-
ware. Approximately, 500 microspheres were analyzed to obtain
the mean particles diameter and size distribution. The mean
particle size was expressed as the surface weighted mean dia-
meter (or Sauter diameter), D [3,2] as follows:

D 3;2½ � ¼ ∑D3
i ni

∑D2
i ni

ð1Þ

where Di¼particle diameter of class i and ni¼number of particle
in class i. Particles size distribution was expressed as a Span
number, calculated by the following expression:

Span¼ D½90�−D½10�
D½50� ð2Þ

where, D[X0] is the diameter corresponding to X0 vol% on a relative
cumulative droplet size curve.

Morphological features were examined by Scanning Electron
Microscopy (SEM), using a Cambridge Steroscan 360 instrument,
operating at 15 kV, including the observation of freeze fractured
microspheres. Furthermore, samples were embedded in Araldite
(Fluka, Buchs, Switzerland) and trimmed with a Leica Ultracut UCT
ultramicrotome by using a diamond knife. Thin sections (2 μm)
were then collected on coverslips and gold sputtered using a
EMITCHs K550 deposited at 10 mA/min for 90 s to achieve a
5–7 nm gold layer. The sections of the micro-spheres were finally
mounted on aluminum stubs and then analyzed by SEM, using a
EVO MA 10, Zeiss, Assing.
3. Results and discussion

3.1. Effect of continuous phase-coagulation bath composition

The choice of solvent/non-solvent system in phase separation
induced process has a dramatic influence on polymer morphology,
mechanical properties, interfacial characteristics, and separation
performance. The polymer must be soluble in the selected solvent,
and the solvent and non-solvent must be partially miscible each
other. DMF is a suitable solvent for PES polymer and it has been
Emulsifier Viscosity (cP)

– 28
2 %wt SY-Glyster PO-55 39
2 %wt SY-Glyster PO-55 37

ropanol 2 %wt SY-Glyster PO-55 29
nol 2 %wt SY-Glyster PO-55 31

2 %wt Span80 39



Fig. 2. Effect of continuous phase-coagulation bath composition on microspheres
production. Microscope images of particles produced using different continuous
phases: (a) 81 wt% Paraffin oil–15 wt% Dodecane–2 wt% Butanol (b) 85 wt% Paraffin
oil–13 wt% Isooctane; (c) 83 wt% Paraffin oil–15 wt% Dodecane. Dispersed phase flow
rate¼0.08 ml min−1; shear stress¼8.9 Pa; Emulsifier¼2 wt% SY-Glyster PO-55.
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already used for microcapsules synthesis [18]. Paraffin was chosen
as continuous phase due its immiscibility with DMF for making
O/O emulsion. Then, different hydrocarbons (i.e. isooctane and
dodecane) and alcohols (i.e. isopropanol and butanol) have been
added to paraffin to prepare the most suitable coagulation bath
which should allows also the production of PES microspheres by
phase separation induced process.

Dodecane and isooctane was used in combination with paraffin
oil in order to have paraffin oil/organic solvent ratio of 83/15 and
85/13, respectively. Alternatively, isopropanol or butanol was
added to paraffin oil/dodecane (83/15) solution in order to obtain
2 wt% of alcohol concentration. Preliminary tests have been
carried out to determine the appropriate solvent concentration
range. A mixed solution of 83 wt% Paraffin and 15 wt% dodecane
resulted in a homogeneous solution while when the concentration
of dodecane increased two distinct phases was observed. The
solvent concentration range of the other solutions was selected in
order to obtain almost the same viscosity of paraffin oil/dodecane
(83/15) mixture (Table 1) and the same shear-stress.

PES microspheres formation can be well correlated with the
conventional phase separation induced process in membrane
preparation technique (Fig. 1a). Physical parameters of the solvents
and non-solvents used in microspheres preparation were shown in
Table 2. In membrane preparation, the phase separation usually
occurs immersing the cast polymer solution into the coagulation
bath, made by water or water/alcohol mixture. The Hildebrand
solubility parameters of isopropanol and butanol (non-solvent) are
very close to the value reported for the DMF (solvent) and
therefore, DMF is exchanged quite rapidly with the alcohols. The
formation of a very high number of aggregates in the cell was
observed immediately after that emulsification process started
both when butanol and isopropanol was used in combination with
paraffin and dodecane. The fast demixing rate influenced the
production of microspheres which were produced without main-
taining the spherical shape of emulsion droplets (Fig. 2a). Fig. 3
illustrates the effect of dodecane and isooctane in the continuous
phase on mean particle diameter, span and dispersed phase
emulsified. Particle size and particle size distribution were not
significantly affected by the composition of the continuous phase.
This result was expected as the consequence of the value of the
viscosity that was very close for the two mixtures that determined
the same shear stress and emulsifier mobility. However, isooctane
and dodecane allowed the formation of spherical and not aggre-
gated microspheres until a certain amount of dispersed phase
passed through the membranes. When isooctane was used, micro-
spheres formation was observed until that 1.3 wt% of a dispersed
phase was passed through the membrane (Fig. 2b). When higher
dispersed phase concentration was reached, the production of
microspheres did not continue probably due to insufficient quan-
tity of non-solvent in the continuous phase (which promote the
phase separation) and only non-solidified particles were further
Table 2
Physical parameters of the solvents and non-solvents used in microspheres
preparation [21].

Solvents Hilderbrand
parameter
total

Hydrogen
bonding dH

Surface tension
(mN m−1)

PES 24.2 9.2 –

N,N-Dimethylformamide
(DMF)

24.9 11.3 34.4

Isopropanol 24.6 17.4 20.9
Butanol 23.2 14.5 25
Dodecane 16.0 – 25.35
Isooctane 7.4 – –
obtained. With dodecane, 7.5 wt% of dispersed phase was reached
during microspheres preparation (Fig. 2c) before to observe the
production of non-solidified particles. These results could be
explained considering the solvent-induced phase separation
mechanism. DMF can be exchanged with the non-solvent, dode-
cane or isooctane, until the non-solvent is not saturated. There is a
close relationship between DMF and dodecane as indicated by
Hildebrand solubility parameter that makes it more viable for the
solvent/non-solvent exchange phenomena inside the stirring cell
unit. The low Hildebrand solubility for the isooctane influenced
the maximum amount of solvent that can be exchanged. In order
to prove that the presence of solvent in the continuous-phase
coagulation bath influences the microspheres production, several
experiments were performed by adding DMF in the continuous
phase solution using paraffin and dodecane as continuous phase.
The further addition of solvent in the coagulation bath as a
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Fig. 3. Effect of continuous phase composition on (a) mean particle diameter,
(b) span of distribution and dispersed phase emulsified concentration. Dispersed
phase flow rate¼0.08 ml min−1; shear stress¼8.9 Pa; Emulsifier¼4 wt% SY-
Glyster PO-55.

Fig. 4. Effect of DMF in the continuous phase-coagulation bath on microspheres
production. Microscope images of particles produced using: (a) 0.7 wt% DMF and
(b) 1.3 wt% DMF in the continuous phase. Dispersed phase flow rate-
¼0.08 ml min−1; shear stress¼8.9 Pa; Emulsifier¼2 wt% SY-Glyster PO-55, contin-
uous phase¼83 wt% Paraffin oil–15 wt% Dodecane and Dispersed¼10 wt% PES.
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consequence of dispersed phase permeation through the mem-
brane is expected to stop the instantaneous demixing and lowered
the non-solvent activity and diffusion rate into the polymer film.
This phenomenon is a function of the total amount of DMF present
in the continuous phase and the effect of two different concentra-
tions was evaluated: 0.7 and 1.3 wt%. DMF concentration of 0.7 wt
% determined particles aggregation when 0.6 wt% of the dispersed
phase was passed through the membrane (Total DMF Concentra-
tion¼1.3 wt%) while the aggregates size increased when dispersed
phase concentration increased. When high concentration of DMF
was added in the continuous phase (1.3 wt%), the formation of gel
capsules aggregation occurred instantly as the polymeric solution
permeated through the membrane (Fig. 4a and b). Results indi-
cated that the solvent/non-solvent demixing affected the micro-
spheres production process.

3.2. Effect of emulsifier

To form stable oil-in-oil emulsions, suitable surfactants have to be
selected. Low-molecular-weight compounds in mixtures of organic
solvents do not possess the appropriate amphiphilic property to
stabilize O/O droplets while amphipolar polymers should be able to
overcome this problem [1,22]. In the present work, a low-molecular-
weight non-ionic emulsifier (SY-Glyster PO-55) is used in combina-
tion with PES in order to have a synergic effect. SY-Glyster PO-55 has
a low HLB value (HLB¼4.9) and it should be able to stabilize the non-
polar phase (paraffin/dodecane) while PES has a Hildebrand solubi-
lity parameter similar to DMF (Table 2) and it should be a good
candidate to stabilize the polar phase. It can be assumed that the SY-
Glyster PO-55, which is soluble in the paraffin/dodecane continuous
phase acts as the stabilizing moiety and PES as the anchor moiety for
the dispersed polar organic droplets (DMF). Fig. 5 illustrates the effect
of Glyster PO-55 concentration on mean particles diameter, span and
dispersed phase emulsified. Microspheres size was about six times
the membrane pore while span value was 0.6 for both concentrations
used. The effect of emulsifier concentration is mainly related to
droplets stability and productivity. The dispersed phase concentra-
tion that was stably emulsified in the presence of 2 and 4 wt% of
SY-Glyster PO-55 was 3.8 and 7.5 wt%, respectively. This can be
explained considering that the low concentration of SY-Glyster PO-55
was not enough to create a protective barrier around PES particles.
This is in agreement with literature as reported by Wu (2008) [23].
The measurements of the interfacial tension demonstrated that high
concentration of SY-Glyster PO-55 (4 wt%) is able to minimize the
thermodynamically unfavorable contact at the interface paraffin/
petroleum ether and water better than low concentration (1.0 wt%).
It was evident that emulsifier concentration influenced the phase
separation induced process. This is because, emulsifier molecules
forms a protective coating around the droplets that prevents them
from instability phenomena and allow, at the same time, the
exchange between solvent and non-solvent.

3.3. Effect of dispersed phase flux

The dispersed phase flux was varied from 13 to 38 L h−1 m−2. Fig. 6
illustrated the effect of dispersed phase flux on particle size, particle
size distribution and dispersed phase %. Particle size increased when
dispersed phase flux increased. This can be explained considering that
the increase of dispersed phase flux results in an increase in the
amount of oil flowed into a drop during the detachment process, and
the formation of larger droplets [24]. Droplets grow faster at the
membrane pore wall and the interface cannot be stabilized fast
enough by adsorbed emulsifier molecules, as described in previous
paper [25,26]. Fig. 6 shows that uniformly sized droplets with the span
values of 0.6 were obtained also when the dispersed phase flux was
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increased. This aspect is of crucial importance for large-scale applica-
tion where high productivity is required without affecting the control
on particle size and particle size distribution. Themaximum amount of
solvent (in the dispersed phase), which can be exchanged with the
non-solvent, was the limiting step of the process. Emulsifications
experiments were stopped, when a dispersed phase concentration of
around 3 wt% was obtained in the emulsion, before the formation of
partially solidified particles was observed. The dispersed phase con-
centration of 3.8 wt% corresponds to a weight ratio between DMF and
dodecane equal to 22.5% that seems to be the maximum amount of
DMF that can be exchanged with dodecane in order to promote the
microspheres generation by phase separation induced process. How-
ever, emulsifier concentration also had a certain influence on phase
separation induced process. When 4 wt% of SY-Glyster PO-500 was
used, higher dispersed phase concentration was obtained (7.5%)
corresponding to a weight ratio between DMF and dodecane of 45%.
The increase of emulsifier concentration could affect the interfacial
properties between the coagulant and the polymer solution enhancing
the affinity between solvent and coagulant that resulted in a shift from
delayed demixing to instantaneous demixing.
3.4. Effect of shear stress

The shear stress was varied from 4.5 to 11.2 Pa. Fig. 7 illustrates
the effect of shear stress on the mean particle diameter and span.
The droplet size is function of shear stress up 8.9 Pa, but less so at
higher shear stress. Particles size was 10 times the membrane pore
size when 4.5 Pa was the shear stress generated at the membrane
surface while, at the shear stress of 10 Pa particles size was 6 times
the pore diameter. At higher shear stress value (11.2 Pa), the size of
microspheres increased and particles size was 14 times the
membrane pore. In addition, the formation of clusters with
irregular shape was observed. In this case, particles size increase
can be explained considering droplets aggregation before solidifi-
cation by phase separation induced process. At higher shear stress,
there is an increased chance of droplets that are not solidified to
move toward each other and come into close proximity before that
the phase separation was completed. The span value decreased
from 0.8 to 0.6 when the shear stress was increased from 4.5 to
10 Pa while it increased at higher shear stress as a consequence of
the dynamic conditions on which the solidification and the fast
phase inversion at the pores occur.

3.5. PES microsphere morphology – SEM analysis

PES microspheres (free flowing powder form) were mounted
on sample stub and analyzed by various magnifications. Fig. 8
shows typical SEM micrographs of the external and magnified
views of the fabricated PES microspheres. SEM images (Fig. 8b and
c) confirm the formation of spherical spheres with dense outer
surface. Fig. 8c shows the PES microspheres skin structure is
completely denser and pores are not present in the current form.
However, some small protuberances are visible on the surfaces of
the micro-spheres (Fig. 8c and d). This could be explained by the
presence of the surfactant at the interface of the polymeric droplet
formed during the membrane emulsification process. In fact,
during the coagulation process of the polymer droplets, in the
continuous phase, the surfactant remains embedded in the shell
side of polymer matrix creating such protuberances. Buonomenna
et al. [17] reported a similar behavior and the increase in rough-
ness at the shell side of the produced capsules was related both to
the presence and type of surfactant used. Furthermore, from the
cross-section analysis (Fig. 8e and 8f) some bigger voids within the
polymer structure are also visible.
4. Conclusions

PES microspheres have been produced by combining mem-
brane emulsification process and solvent-induced phase separa-
tion in a single step. Non-aqueous emulsions have been generated
using PES dissolved in DMF as dispersed phase and a mixture of



Fig. 8. SEM micrographs of PES microspheres prepared by membrane emulsification-phase separation induced process technique at different magnification:
(a) microspheres at 600� , (b) single microsphere at 4919� , (c) microsphere surface at 12000� and (d) microsphere surface at 50000� .
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paraffin and organic solvent as continuous phase in the presence
of a monomeric hydrophobic emulsifier (SY-Glyster PO-55).
Furthermore, the continuous phase was also the coagulation bath,
in which the exchange between solvent and non-solvent occurred.
Membrane emulsification process allowed the production of
particles with controlled size in the range between 10 and 6 times
the membrane pore diameter. Uniform particle distribution was
also obtained (span 0.6) at high dispersed phase flux. The phase
separation induced process was controlled by the demixing rate
that it is influenced by the miscibility of solvent and non-solvent
and by the affinity between polymer and non-solvent. Dodecane
resulted to be a good non-solvent allowing the suitable dimixing
rate. Also the presence of emulsifier influenced the phase separa-
tion induced process. The emulsifier can affect the interfacial
properties between the coagulant and the polymer solution
enhancing the affinity between solvent and coagulant. Higher
emulsifier concentration (4 wt%) resulted in a shift from delayed
demixing to instantaneous demixing that permitted the produc-
tion of spherical and homogeneous microspheres with a higher
dispersed phase concentration than in the presence of low amount
of emulsifier (2 wt%).

These results are expected to promote the use of membrane
emulsification process and phase separation induced process for
the synthesis of new types of polymeric particles for application in
different fields such as medicine, biotechnology and chemistry.
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