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Controlled release poly(lactic-co-glycolic acid) microparticles for use as active pharmaceutical ingredient carriers were
prepared by the emulsion extraction method. Particle formation experiments were carried out in a stirred vessel. The local
flow conditions in these experiments, that is, local shear rates and dissipation rates, and the extraction rate of the organic
solvent were examined by a computational fluid dynamics (CFD) simulation. The local flow conditions in the stirred tank
reactor have a significant influence on the final properties, specific surface area, skeletal density, organic solvent content,
and size of the microparticles. We determined nondimensional correlations for predicting these particle properties as
functions of the process parameters as, for example, the stirrer speed, emulsion injection point, and oil droplet size in the
initial emulsion. The results demonstrate that CFD simulations offer insight into the particle formation process for different
batch sizes and provide a basis for scale-up and optimization of the process. VVC 2012 American Institute of Chemical

Engineers AIChE J, 59: 1868–1881, 2013
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Introduction

The biodegradable polyesters Poly(lactic acid) and PLGA
(Poly(lactic-co-glycolic acid)) are commonly used for deliv-
ering active pharmaceutical ingredients (APIs) in a release-
controlled manner.1 They have been assigned the so-called
GRAS status, that is, ‘‘generally recognized as safe,’’—eval-
uated as biocompatible vehicles for drug delivery and
approved by regulatory agencies, such as the Food and Drug
Administration and the European Medicines Agency. An
API encapsulated in polymer microspheres may be incorpo-
rated in controlled-release biodegradable polymers. Various
microencapsulation techniques are described in the litera-
ture.2 The classical methods for preparation of microspheres
containing active substances are bottom–up techniques.
Phase separation (coacervation), spray drying, solvent extrac-
tion/evaporation-based processes, and supercritical expansion
are methods based on solubility shifts of the polymer. First,
a polymer and API are dissolved in a solvent. Next, the

polymer is hardened causing the encapsulation of the API in
the polymer matrix. Polymer hardening can be performed ei-
ther by physical means (e.g., addition of antisolvents, tem-
perature changes, solvent extraction) or via chemical reac-
tions in the solution (e.g., polymerization, acid/base shift
reaction). In the present work, the microspheres were pro-
duced by the emulsion–solvent extraction technique.

Microsphere preparation via solvent extraction basically

consists of four major steps3: (1) dissolution or dispersion of

the bioactive compound, often in an organic solvent contain-

ing a matrix-forming material; (2) emulsification of this or-

ganic phase in the second continuous (frequently aqueous)

phase immiscible with the first one; (3) extraction of the sol-

vent from the dispersed phase via the continuous phase, trans-

forming the droplets into solid microspheres; and (4) harvest-

ing and drying of the microspheres. In this work, the oil-in-

water (O/W) emulsification was carried out with an SMX

static mixer. We previously reported that the emulsion quality,

that is, the mean oil droplet size and droplet size distribution,

may be controlled by the process parameters.4 In that work,

we developed a correlation describing the nondimensional oil

drop size as a function of the liquid and process properties

that allowed to accurately predict a mean oil droplet size.
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The encapsulation technique determines many micropar-
ticle properties crucial to API release, including particle
size, morphology, porosity, API content, and distribution.
All these parameters have been extensively discussed in the
literature. In this work, we focus on microparticle properties
that can be controlled by the extraction rate and oil droplet
size of the emulsion. Polymer and drug properties, such as
molecular weight and concentration in the dispersed phase,
and API crystallinity were not changed or examined. Process
parameters, including surfactant concentration in the continu-
ous water phase and the volume ratio of the different phases,
which can also influence the microparticle properties5 and
drug release rate,6 were kept constant.

Porosity is an essential particle property for manipulating
release profiles. The extraction rate during the microparticle
preparation via the solvent extraction technique has a direct
effect on the final microparticle porosity.7 The rate at which
the solvent is extracted from the droplets of the dispersed
phase depends on the flow in the stirred vessel, the droplet
size, temperature, and the dispersed phase hold-up in the O/W
emulsion. The microparticle porosity and pore size tend to
increase with the extraction rate. The initial burst effect, that
is, the rapid initial API release in the body, is directly related
to the microparticle porosity because the initial release phase
is characterized by pore diffusion.6,8 Therefore, increasing the
size and number of pores during the microsphere preparation
should increase the release rate of the encapsulated drug.7,9 A
fast solvent removal also affects the shape and surface mor-
phology of polymeric microspheres. It was established that fast
extraction leads to irregularly shaped microparticles, with
indentations in their surface.10 Furthermore, quick solvent
extraction was shown to be responsible for interfacial polymer
deposition and to lead to the formation of hollow, core-shell-
like microspheres.11 The effects of a temperature gradient or
dilution of the continuous phase during solvent removal are
also discussed in the literature.12,13 Fast solvent removal using
a temperature gradient resulted in microspheres with a hollow
core and high residual solvent content. Slower and gradual sol-
vent removal using dilution of the continuous phase resulted in
a uniform porous structure without core.13 The dependence of
the interparticulate pore-size distribution of microspheres on
the solvent extraction temperature was also investigated using
the solvent extraction/evaporation process.12 The microspheres
prepared at lower temperatures had a coarse pore structure
with large pores embedded in a tightly packed polymer matrix.
Due to the slow and incomplete solvent extraction at low tem-
peratures, only a small fraction of micropores was observed.
However, during faster extraction at higher temperatures, a
densified shell was formed around the particles.

Particle-size distribution is another important factor affect-
ing the drug release profile. For example, it has an impact
on the encapsulation efficiency in the polymer matrix of
PLGA.14 Smaller microspheres showed a lower drug content
due to their high specific surface area. Moreover, the drug
release rate was found to increase with the decreasing micro-
particle size.

As stated earlier, parameters such as porosity, particle
size, and API distribution in relation to the release behavior
of controlled release microspheres have previously been
studied. Nonetheless, the influence of the process parameters
of the emulsion extraction technique on the aforementioned
particle properties has scarcely been investigated. In addi-
tion, scale-up is often a problem because the final particle
properties strongly depend on the formation parameters
related to the batch size. In this work, we incorporated
results from flow simulations into the analysis of particle
formation experiments. Computational fluid dynamics (CFD)
enhances the understanding of the flow in an extraction ves-
sel used for the production of the polymeric microparticles.
Establishing the local dissipation, shear, and extraction rates
at different agitator speeds and droplet injection points helps
to understand the micromixing of the emulsion at the injec-
tion point. As it appears, the micromixing of the emulsion at
the smallest scales of turbulence is a crucial factor influenc-
ing the final properties of the polymeric microparticles. CFD
simulations offer insight into the particle formation process
for different batch sizes and provide a basis for the scale-up
and optimization of the process.

The present article is organized as follows: the next sec-
tion introduces the materials, experimental set up, and parti-
cle characterization methods used. Then, the nondimensional
representation of the particle properties specific surface area,
skeletal density, residual organic solvent content, and parti-
cle size is developed by dimensional analysis. In the next
section, the flow simulations are presented. After that, the
experimental design is described. In the next section, the ex-
perimental results are presented with an analysis of the influ-
ences of the various experimental parameters on the particle
properties. The article ends with the conclusions.

Materials and Methods

Materials and microparticle preparation technique

Microparticles were prepared by the emulsion solvent
extraction technique. The O/W emulsion was prepared by
the experimental set-up shown in Figure 1. The two immisci-
ble liquids, the dispersed and continuous phases of the emul-
sion, were transported from their feed tanks by gear pumps

Figure 1. Experimental set-up for the O/W emulsification using a Sulzer SMX static mixer.
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(Ismatec IP65) and forced through a static mixer. The SMX
static mixer elements were provided by Sulzer ChemTech
and were fitted in a specific housing tube. The tube con-
tained 10 mixer elements with 6 mm length and diameter.
The total length of the mixing zone was 6 cm. The fluid ve-
locity in the static mixer was 7.5 �10–2 m/s and 1.6 � 10–1

m/s, depending on the desired oil droplet size. A detailed
description of the emulsification apparatus and technique is
presented in our previous publication.4 The continuous phase
of the emulsion was a mixture of deionized water and poly(-
vinylalcohol) 26-88 (PVA), purchased from VWR, dissolved
as the emulsifier. For the preparation of the continuous
phase, the deionized water was heated to 80�C, and 1 wt %
of solid PVA was dissolved. The liquids constituting the or-
ganic dispersed phase of the emulsion were ethyl acetate and
benzyl alcohol, both from VWR. The volume ratio of benzyl
alcohol and ethyl acetate in the dispersed phase was 0.5.
Poly(D,L-lactide-co-glycolide) with the polymer composition
of 75:25 (molar ratio of D,L-lactide:glycolide) (Resomer RG
757 S) was purchased from Boehringer Ingelheim (Ger-
many). This PLGA polymer was dissolved in the ethyl ace-

tate (0.111 g/mL). The mean molecular weight of this poly-
mer is Mw ¼ 64,710 Da. The API, 3-{2-[4-(6-fluor-1,2-ben-
zisoxazol-3-yl)piperidino]ethyl}-2-methyl-6,7,8,9-4-H-pyr-
ido[1,2-a]pyri- midin-4-one was obtained from Jubilant
Organosys (India). The API was dissolved in the benzyl
alcohol (0.34 g/mL). The PLGA polymer solution in ethyl
acetate and the API solution in benzyl alcohol were then
mixed. The total 60 mL of the organic mixture constituted
the dispersed phase of the emulsion, which was dispersed in
635 mL of the aqueous phase. The density and dynamic vis-
cosity of the dispersed and continuous phases of the emul-
sion are listed in Table 1.

The O/W emulsion was directly fed into a 5-L jacketed
Schmizo batch reactor containing 3.5 L of the extraction me-
dium using a glass tube with the inner diameter of 7 mm.
The inner diameter of the reactor was 180 mm and the diam-
eter of the anchor agitator was 112 mm. The extraction me-
dium was deionized water with 2.4 wt % ethyl acetate. Its
density and dynamic viscosity are also listed in Table 1. The
oil droplets of the emulsion were transformed into solid
microparticles by solvent extraction (stirring for 20 h at
5�C). Different particle formation experiments were per-
formed by varying the stirring speed, mean oil droplet size
of the emulsion, and position of the injection point of the
emulsion. Figure 2 shows the experimental set-up of the
extraction step, indicating the two emulsion injection points.
At the end of the extraction step, the solid microparticles
were separated by filtration using a filtration funnel with
integrated sintered glass filter disc (DURAN Group, Porosity
1) and dried with an air flow at 5�C.

Table 1. Material Properties of the Dispersed and
Continuous Phases of the Emulsion and of the

Extraction Medium

Dispersed
Phase

Continuous
Phase

Extraction
Medium

q (kg/m3) 994.8 999.9 998.2
l (kg/ms) 0.1740 0.0032 0.00152

Figure 2. The 5-L Schmizo-jacketed glass reactor for solvent extraction equipped with an anchor stirrer and a
glass tube for emulsion injection.

The emulsion was fed into the extraction medium at two different injection points; the vertical distances he between the injection

point and the stirrer tip were (a) 20 mm and (b) 60 mm.
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After drying, the particles were suspended in a washing
solution, a mixture of deionized water, and 25 vol % etha-
nol. This ethanol solution was used to prevent agglomeration
of the microparticles and to further reduce their residual or-
ganic solvent content. Ethanol was purchased from Lactan
(Austria). All solvents were used in their original states. By
stirring at 180 rpm for 6 h, the particles were washed in 4 L
of washing solution in the same 5 L glass reactor at 25�C.
At the end of the process, the particles were filtered again
and dried with an air flow at ambient temperature.

Analytical methods

Oil Droplet and Particle Size Measurement by Laser
Diffraction Spectrometry. The oil droplet size spectra of the
O/W emulsion4 and the particle size spectra of the produced
microparticles and their Sauter mean diameters d32 were
measured using a laser diffraction instrument Sympatec
HELOS, H2395. After 20 h of extraction, a sample contain-
ing the dispersed hardened particles was collected from the
extraction medium. The particle dispersion was analyzed
undiluted, immediately after sampling. A 50-mL glass cuv-
ette provided by Sympatec with the Fourier optics R5 (parti-
cle size measuring range 0.5/4.5 … 875 lm) was used as the
particle disperser. All samples were measured in triplicate.

The particle-size distribution is determined as a volume
fraction of particles q�3 in the ensemble, which is common in
diffraction-based sizing techniques. The Sauter mean diame-
ter is determined as a characteristic particle size, defined as

d32 ¼ RiNid
3
i

RiNid2
i

(1)

where Ni is the number of particles with the diameter di.
The volume-based size spectrum and the Sauter mean di-

ameter of the oil droplets d32,oil were also determined using
the HELOS instrument. The diffraction patterns were eval-
uated in the mode Fraunhofer Enhanced Evaluation of the
instrument’s data processing software.

Scanning Electron Microscopy. The internal structure and
composition of the microparticles were studied by scanning
electron microscopy (Zeiss Ultra 55, Carl Zeiss NTS GmbH,
Oberkochen, Germany) and energy dispersive x-ray analysis
(EDAX Genesis, EDAX, Mahwah). To visualize their internal
structure, the particles were placed on a liquid-nitrogen cooled
plate and cut with a scalpel. Subsequently, the specimens
were coated with a thin carbon layer (�20 nm thickness).

Residual Solvent Content Measurement by Gas Chroma-
tography. The residual content of ethyl acetate, benzyl
alcohol, and ethanol in the microparticles was measured by
gas chromatography, using the Perkin–Elmer Clarus 500
instrument equipped with a flame ionization detector and
liquid autosampler. The mobile phase was nitrogen. The
stationary phase was an Optima-5 MS capillary column
(Macherey-Nagel, 30.0 m � 320 lm � 0.25 lm nominal).
The total amount of residual solvent wres of the micropar-
ticles was calculated in wt %.

Specific Surface Area and Skeletal Density Measure-
ments. The specific surface area of the samples was deter-
mined by the Brunauer–Emmett–Teller (BET) method using
the surface analyzer Tristar II 3020 from Micrometrics.
Before the measurements, the samples were dried with a
nitrogen gas flow for 1 day. The measuring gas was krypton,
and the specific surface area was calculated with the data
processing software of the instrument.

The skeletal density of the samples was measured by he-
lium pycnometry, using the instrument AccuPyc II 1340
from Micrometrics.

Dimensional Analysis

Dimensional analysis was used to develop correlations of the
four particle properties specific surface Aspec, skeletal density
qsk, residual solvent content wres, and Sauter mean diameter
d32 with relevant process parameters and material properties.

The underlying assumption is that the particle properties
can be expressed as functions of the parameters relevant for
particle formation.15 The four aforementioned particle proper-
ties are predominantly determined by mass transfer between
the oil droplets of the emulsion (which turn into particles) and
the extraction medium. For describing mass transfer in the liq-
uid–liquid extraction process for microparticle formation, the
following parameters were considered relevant: the mean oil
droplet size d32,oil, the diffusion coefficients of the organic
solvent in the dispersed phase and in the extraction medium,
and the density q and dynamic viscosity l of the extraction
medium. Because the composition of the dispersed phase was
kept constant in all experiments, the diffusion coefficient of
the organic solvent in the dispersed phase did not vary. This
quantity is, therefore, not relevant for the dimensional analy-
sis. Because the extraction medium was also the same in all
experiments, the diffusion coefficient of the organic solvents
in the medium did also not change. Because this diffusion
coefficient D, however, is relevant for the convective mass
transfer across the particle surface, D was used as a scaling
factor in the analysis. The convective mass transfer is, further-
more, determined by the turbulent flow in the extraction me-
dium relative to the particle motion. The local shear rate _c
and the dissipation rate of turbulent kinetic energy e may be
taken as relevant characteristics of the flow field, where the
question remains if the particle properties are determined by
the local values of these quantities at the emulsion injection
point, or by their global averages in the stirred reactor. Both
the shear rate and turbulent dissipation rate in the flow field
depend on the stirring speed. Having established the correla-
tions for the particle properties, the question about the impor-
tance of local or global turbulent flow field properties for the
particle formation may be answered.

The dimensional analysis for the four particle properties,
with e as the relevant turbulent flow property of the extrac-
tion medium, involves six dimensional quantities and three
basic dimensions and, therefore, leads to three non-
dimensional groups for each particle property. The four
following model equations are obtained.

Aspecl

d
1=3
32;oile

1=3
¼ BScc

ed4
32;oil

D3

 !d

(2)

qske
1=3d

4=3
32;oil

l
¼ EScf

ed4
32;oil

D3

 !g

(3)

wresD
3

ed4
32;oil

¼ HSck
ed4

32;oil

D3

 !m

(4)

d32 e
1=4

D3=4
¼ NScp

ed4
32;oil

D3

 !q

(5)

AIChE Journal June 2013 Vol. 59, No. 6 Published on behalf of the AIChE DOI 10.1002/aic 1871



In these equations, Sc ¼ m/D is the Schmidt number of the
extraction medium. The coefficients B, E, H, and N, and the
exponents c, d, f, g, k, m, p, and q of these model equations
are determined by fitting the equations to the results of the
particle formation experiments using nonlinear regression. The
resulting correlations will be presented in a later section.

Flow Simulations

The properties of the flow field of the extraction medium
in these experiments (i.e., time-average velocities, local
shear rates and dissipation rates) and the extraction rate were
examined by CFD simulations.

The numerical simulations of the stirring and extraction
processes were performed using the CFD code FIRE release
2009.1.16 Based on a Reynolds-averaged Navier–Stokes
approach, transient incompressible calculations of the flow in
the glass reactor were performed. The finite volume mesh
consisted of around 550,000 cells with an average cell size
of around 2 mm. To describe the rotation of the impeller,
the sliding mesh model was used. In this method, the com-
putational mesh is separated into rotor and stator grids for
the domain that includes the impeller and the tank walls.
The rotor mesh physically moves during the calculation and
flow data are transferred at each time step between the
domains. The free liquid surface on the top of the liquid
bath was assumed to be flat, with a slip-wall boundary con-
dition. The geometry of the injection glass tube was not con-
sidered, that is, the flow around the submerged glass tube
during emulsion injection was disregarded, in agreement
with the experimental practice prescribing that the glass tube
should be removed from the vessel after dosing the emul-
sion. Further details of the numerical approach and its exper-
imental validation can be found in the literature.17

Turbulence was modeled using the k-f-f approach,18 where
k is the turbulent kinetic energy, f is the normalized velocity
scale ratio, and f the elliptic relaxation function. The formu-
lation of this general low-Reynolds-number eddy-viscosity
model, which is based on Durbin’s elliptic relaxation con-
cept,19 is similar to the standard k-e model. However, we
modified it by including nonlocal pressure-strain effects and
near-wall turbulence anisotropy to adapt the wall functions.

In our model, the velocity scale ratio is related to the squared
velocity scale �v2 and the turbulent kinetic energy k as per

f ¼ �v2=k (6)

Here, the velocity scale �v2 describes the velocity fluctua-
tions normal to the cell velocity vector and represents the
turbulent damping close to the wall. The eddy viscosity mt in
the formulation of turbulent stresses is expressed as

mt ¼ Clf
k2

e
(7)

where Cl is a model coefficient and e is the dissipation rate of
the turbulent kinetic energy. Numerically, this three-equations
turbulence model solves the transport equation for f, together
with the standard k and e equations.

To resolve the emulsion flow and extraction process in the
stirred tank, the Lagrangian discrete particle method approach,
also known as the Lagrangian Monte Carlo method,20 was
used, under which groups of real particles, termed parcels, are
statistically tracked in the physical, velocity, and particle-

diameter spaces. Submodels for drag, turbulent dispersion,
and extraction were included in our simulations. Under this
method, each physical phenomenon occurring in a parcel,
for example, mass transfer, directly applies to all the par-
ticles in the parcel, resulting in a drastic reduction of the
computational effort. In this work, we neglected the effects
of collisions among droplets, which was valid because the
volume fraction of the injected emulsion was low. Droplet
deformation was neglected as well. The particle drag was
formulated by a standard drag coefficient model for spheri-
cal particles as a function of the particle Reynolds number
(CD ¼ 24(1 þ 0.15 Rep

0.687)/Rep for Rep \ 103, and CD ¼
0.44 for Rep [ 103). In the computation of the particle
Reynolds number Rep, both the difference between the
time-average liquid and particle velocities, and the turbu-
lent velocity fluctuations were accounted for. Due to the
short Stokesian relaxation time of the particles, the velocity
fluctuations dominate the transport processes across the par-
ticle interface. Details of the turbulent dispersion modeling
can be found in the literature.17 Because the concentration
of the emulsion droplets in the stirred tank was low, it was
appropriate to use one-way momentum coupling between
the continuous fluid and the parcels.

The mass transfer rate, and, thus, the rate of extraction of
the organic solvent from the disperse phase, is basically a
function of the equilibrium solubility of the solute, the spe-
cific surface of the droplets, the concentration of the dis-
solved material, the diffusion coefficient in the liquid phase,
and the relative velocity between the droplets and the fluid.
In our simulations, the mass transfer rate for each droplet
was described by the following equation21,22

_mExtr ¼
Sh D

d32;oil

AMðcS � c1Þ (8)

The quantities in Eq. 8 are the diffusion coefficient D of
the organic solvent in water, the Sauter mean oil drop diam-
eter d32,oil and surface A, the molar mass M of the extracted
solvent, the saturation concentration cS of the extracted me-
dium on the surface of the disperse phase and concentration
c1 in the cell containing the parcel. The concentrations cS

and c1 are molar concentrations. For the saturation concen-
tration, the value for EA in water at 5�C was taken from the
literature.23 The concentration c1 of the extracted substance
is computed for each cell by means of the transport equation
for the mixture component EA.

The Sherwood number Sh is calculated using the Frössling
equation as a function of the particle Reynolds and Schmidt
numbers, Rep and Sc, respectively.

Sh ¼ 2 þ 0:552
ffiffiffiffiffiffiffiffi
Rep

p
Sc1=3 (9)

The particle Reynolds number Rep in Eq. 9 was based on
the oil drop Sauter mean diameter as the length scale and on
the relative velocity between the oil drops and the extraction
medium as the velocity scale. In turbulent flow, the relative
velocity is given by the difference between the time-average
drop and extraction medium velocities plus the contribution
from the turbulent fluctuations. This relative velocity may be
empirically represented by the Kolmogorov velocity given
by the tip speed v0 of the stirrer and the ratio (d32,oil/dS)1/3

as in the equation24
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ReP ¼ vreld32;oil

m
¼ v0

d32;oil

dS

� �1=3d32;oil

m
¼ pndS

d32;oil

dS

� �1=3d32;oil

m

(10)

The quantity dS is the diameter of the stirrer.

Experimental Design

As stated previously, the microparticle properties depend on
the parameters of the particle formation process. Properties of
turbulence, such as turbulence intensity, rate of dissipation of
turbulent kinetic energy, or a local, time-average shear rate,
may be considered as influential on the processes of mass
transport across the particle-liquid interface, that is, on the par-
ticle formation. Because the geometry of the flow field in the
reactor is fixed in our study, and the liquid properties do not
vary in the different experiments, these turbulent flow field
properties and their spatial variability may be related to the
stirring speed only. On the basis of this assumption, the fol-
lowing process parameters were considered important for the
extraction, and, therefore, varied in the experiments: the stir-
ring speed n, position of the injection point of the emulsion he,
and the mean oil droplet size of the emulsion d32,oil.

Particle formation experiments were carried out at three
stirring speeds (100, 180, and 260 rpm) and with two initial
mean oil droplet sizes of the emulsion. For the point of
injection of the emulsion, two different locations—close to
the agitator and far away from it—were chosen. The experi-
mental parameters are listed in Table 2.

At different stirring speeds, different local turbulent ki-
netic energies are realized in the extraction medium. In
Experiments 4 and 7, the mean oil droplet size of the O/W
emulsion was 29% smaller than in all the other cases. This
change in the oil drop size is achieved by an increased flow
velocity through the static mixers.4 In Experiments 1, 2, 3,
5, and 6, the fluid velocity in the static mixer was 7.5 �
10�2 m/s, whereas in Experiments 4 and 7, it was increased
to 1.6 � 10�1 m/s. The respective oil droplet size spectra
obtained by laser diffraction are shown in Figure 3. The oil
droplet size spectrum of the emulsion is a determining factor
for the rate of mass transfer between the oil phase and the
extraction medium, that is, the rate of solvent removal.

Furthermore, we investigated the influence of the emulsion
injection point on the particle properties. In the first set of
experiments, the distance between the end of the glass tube
for emulsion injection and the level of the blade tip of the
anchor stirrer was 20 mm (Figure 2a). In the second set of
experiments, the glass tube end was positioned at a distance
of 60 mm from the stirrer (Figure 2b). The two injection
positions correspond to the different local liquid flow field
properties listed in Table 3 below. After dosing the emul-

sion, the glass tube was removed from the reactor, and the
extraction was carried out in a closed system.

Results and Discussion

Results of the flow simulations

Examples of the time-average velocity field in a meridio-
nal plane of the flow field for the three different stirring
speeds are presented in Figure 4. As pointed out above, the
fluid flow around the injection tube was not considered. The
computed data form a basis for the representation of the
influences of the flow field on the final particle properties.
Spatial distributions of turbulent properties of the flow field,
such as the dissipation rate and shear rate, are a part of these
results, not shown here in diagrams. Local values at the
emulsion injection point and global volume-average values
for the whole reactor of the shear rate and the turbulent dis-
sipation rate are given in Table 3. The local values are com-
puted as averages along a circle around the symmetry axis
of the vessel through the orifice of the glass tube.

Making use of these results, the transient extraction pro-
cess was computed for the first seconds after the start of
injection. The diagram in Figure 5 shows the increase of
ethyl acetate mass in the reactor with time for the seven ex-
perimental situations listed in Table 2. A second-degree
polynomial m ¼ 1=2at

2 þ bt þ c was fitted to each series,
and the coefficient a, which is the curvature of the parabola
and a time-independent characteristic of the rate of

Table 2. Parameters of the Seven Particle Formation
Experiments

Experiment
No.

n
(1/s)

he

(cm)
d32,emulsion

(lm)

1 4.33 2 163
2 1.67 2 163
3 3 2 163
4 3 2 116
5 3 6 163
6 4.33 6 163
7 1.67 6 116

Figure 3. Volume-based oil droplet size spectra of oil-
in-water emulsions with Sauter mean diame-
ters of 163 and 116 lm; the emulsion with
larger oil droplet size was used in experi-
ments 1,2,3,5, and 6, and the emulsion with
the reduced mean oil droplet size was used
in the Experiments 4 and 7.

Table 3. Local and Global Average Shear Rates and
Dissipation Rates, and the Coefficient a Characterizing the

Extraction Rate

Experiment
No.

_cloc

(1/s)
eloc

(m2/s3)
_cvol

(1/s)
evol

(m2/s3)
a

(mg/s2)

1 16.4 0.03722 24.02 0.0526 0.1044
2 6.6 0.00257 9.57 0.0033 0.0418
3 11.4 0.01274 16.94 0.0178 0.074
4 11.4 0.01274 16.94 0.0178 0.163
5 8.2 0.00342 16.94 0.0178 0.0876
6 12.0 0.01054 24.02 0.0526 0.146
7 4.4 0.00052 9.57 0.0033 0.3658
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extraction, was used as a measure of the extraction process
kinetics. The initial condition determines that the coefficient
c is zero. The purpose of this calculation was to produce
constant characteristic values for the various time-dependent
experimental situations. The results are shown in Table 3 to-
gether with the turbulent flow field properties.

Particle size, specific surface area and skeletal density

The size spectra of the hardened microparticles were
measured after the extraction step. In Experiments 4 and 7,
the Sauter mean diameter of the particles was 30 and 49 lm,
respectively, whereas in Experiments 1, 2, 3, 5, and 6 par-
ticles with Sauter mean diameters between 117 and 141 lm
were produced. The particle-size distributions are given in
Figure 6 for all seven experiments. In Experiments 4 and 7,
the Sauter mean diameter of the particles was decreased, and
the fraction of large oil droplets was reduced by changing
the parameters of the O/W emulsification.4 Increasing the
flow velocity in the emulsification apparatus led to reduced
particle sizes and broader particle-size distributions.

In Experiments 1, 2, 3, 5 and 6, the initial mean oil drop-
let size of the emulsion is 163 lm. However, in Experiment
1, the observed particle size was 117 lm, that is, signifi-

cantly smaller than 163 lm. This can be explained by the
high stirring speed (4.33 s�1) and by the highest local shear
rate (16.4 s�1) in this experiment. The high stirring speed
and the emulsion injection point placed near the blade of the
anchor stirrer may have caused droplet deformation and
breakup at the injection tube. The break-up of the oil drop-
lets led to reduced particle sizes, broader particle-size distri-
butions (Figure 6), and the formation of irregular polymer
precipitates. The mean particle size d32 and distribution

Figure 4. Velocity distribution in a meridional plane of the reactor for (left to right) 100, 180, and 260 rpm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 5. Ethyl acetate mass m in the reactor as a
function of time during the first few seconds
of the extraction from simulated mass trans-
fer based on properties of the liquid flow field
in the reactor.

Figure 6. Volume-based particle size spectra for all
microparticle formation experiments.

(a) Formulations using the initial mean oil droplet size

d32,oil ¼ 163 lm and (b) formulations using the initial

mean oil droplet size d32,oil ¼ 116 lm.
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width data are summarized in Table 4. The particle-size dis-
tribution width (SPAN) can be described by the equation

SPAN ¼ ðd90 � d10Þ=d50 (11)

where the diameters d10, d50, and d90 are properties of the
cumulative particle-size distribution.

As can be seen from Figure 6, the particle size is a func-
tion of the oil droplet size of the emulsion produced as a
particle precursor. The oil droplet size may have been
altered by droplet breakup during the injection into the
extraction medium as a consequence of the liquid flow field
in the extraction vessel as described above. The final micro-
particle size and the specific surface area of the particle en-
semble have a significant influence on the erosion of poly-
meric microparticles during dissolution and, therefore, on the
release rate of the API.

Because of the fast microparticle hardening during solvent
removal, deformation and break-up of the droplets can only
occur immediately after start of extraction, that is, close to
the emulsion injection zone. Nevertheless, the question
remains if the micromixing of the emulsion at the smallest
scales of turbulence, or the macromixing at the scale of the
vessel is crucial regarding the final particle properties.
Therefore, both the flow situation at the emulsion injection
point and the global turbulent flow field should be consid-
ered in the analysis. The parameters obtained from the simu-
lations can contribute to a better understanding of the pro-
cess. From the local energy dissipation rates, the Kolmo-
gorov length-scale can be calculated as

k ¼ m3

eloc

� �1=4

(12)

where m is the kinematic viscosity of the extraction medium.
The calculated values of the Kolmogorov size k and the initial
mean oil droplet sizes of the emulsion are summarized in

Table 5. One can see that, in Experiments 1, 3, and 6, the
estimated Kolmogorov length scales are smaller than the
initial mean oil droplet size used as a particle precursor. In
these experiments, droplet deformation by interaction with the
liquid turbulence after emulsion injection may be effective on
the droplet size. In Experiments 4 and 5, k is nearly of the
same size as d32,oil. In Experiments 2 and 7, the Kolmogorov
length scale is in both cases larger than the oil droplet size.
Due to the mild local flow situations, droplet breakup is not
probable in these experiments.

The estimated values of the various quantities are sum-
marized in Table 4. We also include the agitator Reynolds
number. This dimensionless number is defined as

ReS ¼
nd2

Sq
l

(13)

Previous investigations have shown that the properties of
PLGA microparticles can be influenced by the process pa-
rameters.25–27 From Table 5, it is obvious that the parame-
ters discussed above are modified by the stirrer speed n and
the oil droplet size d32,oil in our experiments. The location of
the injection is not considered in these values. However, as
stated earlier, the location of the emulsion injection has a
significant role, if droplet breakup occurs. Therefore, in our
analysis, the parameter e was used instead of the values ReP,
Sh and b. In our opinion, the use of the value e provides a
better description of the extraction process.

The BET surface area Aspec of the particles in the samples
and the particle Sauter mean diameter are given in Figure 7.
A large mean particle size is accompanied by a small spe-
cific surface area of the particles and vice versa. The relation
between the BET surface area Aspec and the coefficient a is
shown in Figure 8. Because the particle–liquid mass transfer
is a function of the particle size, and as the BET surface
area is smaller for larger particles, the coefficient a inversely
depends on the particle size and follows the same trend as
the BET surface area.

The results of the skeletal density measurements are
shown in Figure 9. To establish a relationship between the
flow conditions in the extraction vessel and the skeletal den-
sity data, the local dissipation rate is plotted in the same dia-
gram. A trend is not readily seen, and, in the whole set of

Table 4. Sauter Mean Oil Droplet and Particle Size, and the
Particle Size Distribution Width

Experiment
No.

d32,oil

(lm)
d32

(lm) SPAN

1 163 117 1.38
2 163 135 1.20
3 163 137 1.12
4 116 49 1.73
5 163 141 1.08
6 163 134 1.17
7 116 30 2.01

Particles were measured after solvent extraction.

Table 5. The estimated Mean Oil Droplet Size, Kolmogorov
Length-Scale, Particle Reynolds Number, Sherwood

Number, Mass Transfer Coefficient b5ShD/d32,oil and
Agitator Reynolds Number, Estimated by Eqs. 9, 10, 12, and 13

Experiment
No.

d32,oil

(lm)
k

(lm)
ReP

(�)
Sh
(�)

b
(m/s)

ReS

(�)

1 163 98 18.5 31 0.000160 35,697
2 163 193 7.1 20 0.000103 13,730
3 163 129 12.8 26.1 0.000134 24,713
4 116 129 8.2 21.2 0.000154 24,713
5 163 179 12.8 26.1 0.000134 24,713
6 163 135 18.5 31 0.000160 35,697
7 116 287 4.5 16.3 0.000118 13,730

The Sc number of the extraction medium is 1809.

Figure 7. The BET surface area Aspec and the Sauter
mean particle size d32 for all microparticle
formation experiments.

See Tables 2 and 3 for experimental details.
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experiments, the values of qsk vary by no more than 1.4%.
The particles with higher skeletal densities were produced
when the emulsion was injected close to the anchor stirrer
(Experiments 1–4). At lower local shear rates at the injection
point, particles with lower skeletal density are produced.
This phenomenon may be due to the strong influence of the
solidification rate on the particle morphology.13 Quick sol-
vent extraction occurs when the Sherwood number of mass
transfer ShP is high. The dimensionless number ShP depends
on the Reynolds and Schmidt numbers, ReP and Sc. Slow
solidification generally leads to high porosity. The soft state
of microparticles is extended and, due to the delayed harden-
ing, a homogeneous polymer matrix with pores and channels
is created. Fast solvent removal leads to lower surface area,
denser periphery, and higher residual solvent content.11

Residual solvent content

The residual solvent content wres in the microparticle sam-
ples and the local dissipation rates eloc are given in Figure 10.
If we look at the results related to the same stirrer speed
(Experiments 1 and 6 for 4.33 s�1; Experiments 2 and 7 for
1.67 s�1; Experiments 3, 4 and 5 for 3 s�1), we can conclude
that microparticles produced at higher local dissipation rates
in the extraction medium have a higher residual solvent con-
tent than those produced at lower local dissipation rates at the

same stirrer speed. A higher organic solvent concentration in
the final solid microparticles may be due to the fast solvent
removal at higher dissipation rates near the anchor stirrer. It is
known that fast solvent removal can result in early polymer
precipitation in the periphery region of the microparticles,11

thus reducing the extraction rate at later times.
It is reasonable to conclude that the high skeletal density

of Samples 1, 2, 3, and 4 (Figure 9) is related to the higher
residual solvent content in these samples. Fast extraction and
polymer precipitation in the near-surface region of the par-
ticles results in a reduced over-all solvent removal and,
therefore, in a higher organic solvent content in the particles.
Because the final size distributions of the microparticle Sam-
ples 2, 3, 5, 6, and 4, 7 are very similar (Figure 6), the dif-
ferences in the skeletal density may be related to the differ-
ent residual solvent content. More residual organic solvent
means denser particles, that is, higher skeletal density.

The specific surface area (Figure 8), the skeletal density
(Figure 9), and the residual solvent content (Figure 10) of the
Samples 1, 6 and 3, 5 and 2, 7 are different. The Experiments
1, 6 and 3, 5 and 2, 7 differ only in the emulsion injection
point. As discussed in the preceding section, the particle size
and specific surface area are strongly related (Figure 7). These
two parameters can be correlated with the coefficient a, which
is a quantity characteristic of the first seconds of the extrac-
tion process (Figure 8). Skeletal density and residual solvent
content of the microparticles can be correlated with the local
dissipation rate (Figures 9 and 10). Our interpretation is that
the particle size and specific surface area are affected by the
rate of extraction, that is, the drop size evolution is a long
process influenced by the temporal extraction profile. With
regard to particle size, the local flow conditions may induce
drop breakup immediately after the droplet injection. Residual
solvent content and skeletal density are particle properties
determined immediately after the emulsion injection and
strongly depend on the flow at the emulsion injection point.

An interesting quantity to note is the yield of the extrac-
tion process. For quantifying this, we computed the degree
of reduction of organic solvent content from the oil droplet
state to the final particles. For doing this, we calculated the
mass content of organic solvents of the oil droplets in the
emulsion and compared this to the content of organic sol-
vents in the final particles. We define the yield as the mass
of organic solvents (EA, BA, and EtOH) in the oil droplets

Figure 8. Specific surface area of the microparticles
Aspec and the coefficient a calculated by flow
simulations.

See Tables 2 and 3 for experimental details.

Figure 9. Skeletal density of the microparticles qsk and
the local dissipation rate at the emulsion
injection point eloc from the flow simulations.

See Tables 2 and 3 for experimental details.

Figure 10. The residual solvent content of the micro-
particles wres and the local dissipation rates
at the emulsion injection point eloc from the
simulations.

See Tables 2 and 3 for experimental details.
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of the emulsion minus the mass of the same solvents in the
final particles, divided by the solvent mass in the oil drop-
lets. The values we obtain in the seven experiments are all
close to 1, between 0.9904 and 0.9976, indicating that the
yield of the extraction process is very high.

Particle morphology

To investigate the effect of the process parameters on the
particle morphology, electron microscopy pictures were
taken with the purpose to analyze the structure of micropar-
ticle cross sections in relation to the properties of the liquid
flow field near the emulsion injection point in the extraction
vessel. It has previously been reported that PVA molecules,
which were used as an emulsifier in the O/W emulsification,
are strongly bound to the surface of PLGA particles.28 A
general observation was that all microparticles were coated
with a 2–3-lm thick PVA layer (Figures 11a, b).

The highest local shear and dissipation rates were
achieved in Experiment 1. The influence of fast solvent re-
moval at high shear rates is illustrated in Figure 12. A cross
section of a microparticle produced in Experiment 1 is
shown in Figure 12a. A higher magnification of the periph-
eral region can be seen in Figure 12b. Here, we can distin-
guish between a porous region near the particle core and a
5–20-lm thick nonporous layer on the particle surface. This
thick layer is not identical to the PVA layer in Figure 11,

but is rather a result of fast solvent removal which led to
early polymer precipitation in the periphery region of the
microparticles.11

It has been reported that fast extraction of ethyl acetate
can induce not only early interfacial polymer precipitation,
but the formation of hollow microspheres.10 Figure 13 shows
cross sections of the microparticles produced in Experiments
2 and 3. It can be seen that the internal porosity of these
samples is very heterogeneous. As expected, large hollow
regions were formed in the core of the microparticles. Figure
14a shows a particle cross section from Experiment 6. The
internal porosity of this sample is completely homogeneous,
even at higher magnification (Figure 14b). The surface and
internal porosity distribution of polymeric microparticles is
directly related to their release behavior.29 Therefore, differ-
ences in the release profile of the microparticles presented in
Figures 13 and 14 are to be expected, which will be the
topic of future investigations.

Nondimensional representation of the particle properties
influenced by the production process parameters

The purpose of the dimensional analysis was to develop
empirical relations between process parameters and the
resulting specific surface area, skeletal density, residual sol-
vent content, and Sauter mean diameter of the particles.
These relations may provide a basis for scale-up and

Figure 12. Cross section of a microparticle produced in Experiment 1 showing (a) a heterogeneous porosity distri-
bution and (b) the formation of a 5–20 lm thick nonporous layer in the peripheral region.

Figure 11. Microparticle cross sections from Experiment 6 showing particles covered with a continuous thin layer
(a).

This 2–3 mm thick layer and (b) can be related to the PVA stabilizer that covers the oil droplets during oil-in-water emulsification

to prevent coalescence.
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optimization of the process. Parameters that were considered
relevant for the extraction process step were discussed
above.

The coefficients B, E, H, and N, and the exponents c, d, f,
g, k, m, p, and q of the model Eq. 2–5 were determined by
nonlinear regression fitting of the equations to the particle
characterization results described in the previous sections.
The microparticle charges were produced by the formula-
tions described in Table 1.

In analyzing the dependencies of the final particle proper-
ties on the various relevant parameters of the process and
material properties, it is not obvious from the beginning
whether local or global properties of the turbulent flow field
in the reactor are dominant. The measured data above, how-
ever, suggest a dominance of local flow properties.

The injection velocity of the emulsion into the extraction
medium depends on the oil droplet size in the emulsion
required. Typical velocities are 0.05–0.1 m/s. In contrast,
local mean velocities of the extraction medium are of the
order of some m/s. Typical relaxation times of the oil drop-
lets in the emulsion after injection into the extraction me-
dium are O(1 ms), so that convective mass transfer during
the extraction process may be due to the fluctuations in the
velocity field only. In all of our experiments, the oil droplets
and particles are too large and heavy to follow all the fluctu-
ations of the velocity in the extraction medium. Therefore,
they feel those fluctuations and exhibit their effect on mass

transfer. The macromixing in the reactor after the injection
of the emulsion is determined by the rate of dissipation of
the turbulent kinetic energy and given by the Corrsin rela-
tion.30 The macromixing times are of the order of 1 s or
less. In comparison with the total batch time of 20 h, this is
again a very short time, so that the particles are transported
through the whole reactor volume. This could be a reason to
expect volume-mean properties of the flow field in the batch
reactor to determine the particle properties. We will show
below that, despite the present time-scale arguments, the par-
ticle properties are rather dominated by local flow field prop-
erties. One potential explanation for this surprising result
may be a short time scale of particle surface formation.

Determining the dependencies of the specific particle sur-
face on the influencing quantities, it turned out that Aspec

correlates well with the local rate of turbulent kinetic energy
dissipation, eloc. The correlation, which is shown in Figure
15a, reads

Aspecl

e1=3
loc d

1=3
32;oil

¼ 6Sc1:26
elocd

4
32;oil

D3

 !�0:417

(14)

The equation indicates that Aspec depends on the Schmidt
number of the extraction medium and, of course, on the ini-
tial Sauter mean oil droplet size in the emulsion. The

Figure 13. Cross sections of microparticles produced in Experiments (a) 2 and (b) 3 showing heterogeneous poros-
ity with hollow regions.

Figure 14. Cross section of a particle from Experiment 6, showing a homogeneous polymer matrix (a) even at
higher magnification (b).
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importance of the local turbulent property of the flow field is
interesting to note, because it is not a priori clear in which
stage of the particle life time Aspec is determined. The pres-
ent result suggests that the specific particle surface is formed
in the early stages of particle formation.

The next particle property of interest for API transport is
the skeletal density. For this property, the relation

qske
1=3
loc d

4=3
32;oil

l
¼ 0:9Sc�0:95

e1=3
loc d

4=3
32;oil

D

 !
(15)

is obtained from the measured data as a first stage of the
result. This relation, which is shown in Figure 15b, may be
simplified to yield

qsk
q

¼ 0:9Sc0:05 (16)

indicating that, under the present experimental conditions,
the skeletal density resulting from the particle formation pro-
cess, comes out as a constant and would vary only with the
Schmidt number and density of the extraction medium.
Indeed, with the present Schmidt number of 1809, the result-
ing value of qsk is 1307 kg/m3, which deviates from the
mean of the values measured in the seven experiments by no
more than 3%. The fact that the value of this particle prop-
erty comes out as a constant indicates that it depends
strongly on the properties of the materials which were not
varied in our study—the diffusivities inside and outside the

particles, and other transport properties of the extraction me-
dium, such as its kinematic viscosity.

One property of the particles, which may strongly impact
the use as API carriers, is the residual content of organic sol-
vents used for dissolving the polymer in the organic phase.
The correlation found to represent the measured data best
reads

wresD
3

elocd
4
32;oil

¼ 5 � 10�6Sc
elocd

4
32;oil

D3

 !�0:75

(17)

The dependency of the residual organic solvent content of
the particles on a local transport property of the flow field in
the extraction medium is not a trivial result. The dependency
indicates clearly that, together with the two other structural
properties of the particles discussed above, the residual or-
ganic solvent content of the particles is determined in the
very early phases of the particle formation. As a reason for
this phenomenon, one may see the formation of a dense
layer of PLGA polymer on the oil droplets right after the
start of the extraction process. Despite the long batch time
of the extraction, the remainder of organic solvent in the
particles is strongly dependent on this very early process
which hinders the mass transfer across the particle surface.
A reason for the weak correlation seen in Figure 15c may be
the influence of the particle washing and drying on the or-
ganic solvent content, which is an influence not accounted
for in the analysis.

Figure 15. (a) Nondimensional specific surface area of the microparticles as measured and as obtained from Eq. 14,
(b) nondimensional skeletal density of the microparticles as measured and as obtained from Eq. 15, (c) re-
sidual solvent content in the microparticles in wt% as measured and as obtained from Eq. 17, and (d) par-
ticle size of the microparticles as measured after the extraction step and as obtained from Eq. 18.
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The final property of the particles studied in our article is
their Sauter-mean diameter after the extraction step. The cor-
relation obtained, which is shown in Figure 15d, reads

d32e
1=4
loc

D3=4
¼ 0:086Sc�0:54

elocd
4
32;oil

D3

 !0:52

(18)

The relation exhibits the same structure of the right-hand
side as the three others above, indicating the importance of
mass transfer across the oil droplet (or particle) surface for
the particle properties. The dominant mechanism in the con-
vective transport is again turbulence, represented by the rate
of dissipation of the turbulent kinetic energy. This correla-
tion is the weakest of the four relations found, because the
rate of shrinkage during microparticle hardening and the
resulting final particle size depend on the extraction rate.
Furthermore, the high stirring speed and the emulsion injec-
tion point placed near the blade of the anchor stirrer may
cause droplet breakup at the injection tube. This phenom-
enon leads to reduced particle sizes, which are not entirely
predictable and lead to a weak correlation in the dimensional
analysis.

The values of the coefficients of determination R2 are
close to unity in all cases. This means that the developed
correlations (14)–(18) accurately predict the specific surface
area, skeletal density, residual solvent content, and particle
size based on the tip speed of the anchor stirrer, oil drop
size, local dissipation rate in the liquid flow field, and mate-
rial properties of the extraction medium.

Conclusions

The influence of process parameters on PLGA-micropar-
ticle properties to be used as API carriers has extensively
been reported in the literature. The main challenge for opti-
mization and scale-up of the particle production process is to
fit all properties of the microparticles to their expected
release behaviour. In this work, we carried out experiments
and CFD simulations of the particle formation process to
describe quantitatively the processes during the emulsion
extraction. Using CFD, we quantified the influence of the
extraction rate on the porosity and density of the micropar-
ticles. Moreover, we accurately predicted the specific surface
area, skeletal density, residual solvent content, and the parti-
cle size of the final solid microparticles based on the turbu-
lent dissipation rate, local shear rate, oil droplet size, diffu-
sion coefficient of the organic solvent in water, and material
properties of the extraction medium. The dependencies of
the final particle properties on the various relevant parame-
ters of the process were analyzed using dimensional analysis.
The main results and conclusions can be summarized as fol-
lows:
• Aspec depends on the Schmidt number of the extraction

medium, on the initial Sauter mean oil droplet size in the
emulsion and, on the local rate of turbulent kinetic energy
dissipation, eloc.
• qsk resulting from the particle formation process, comes

out as a constant and would vary only with the Schmidt
number and density of the extraction medium.
• wres strongly depends on the local transport property of

the flow field in the extraction medium.
• d32 depends on the Schmidt number of the extraction

medium, on the initial Sauter mean oil droplet size in the

emulsion and on the rate of dissipation of the turbulent ki-
netic energy.

The results of the present study suggest that the particle
properties are rather dominated by local flow field properties.
One potential explanation for this surprising result may be a
short time scale of particle surface formation. Furthermore,
the convective mass transfer across the oil droplet surface is
dominated by turbulence, represented by the local rate of
turbulent kinetic energy dissipation, eloc. It was clearly dem-
onstrated that the local values of these quantities at the
emulsion injection point are crucial regarding the final parti-
cle properties.

The achievement of the developed correlations consists in
the account for process variables calculated by simulations
of the flow field in the extraction vessel. The results are use-
ful for predicting microparticle properties produced in reac-
tors of any geometry using any type of stirrer, also on larger
scales.
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