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The objective of this work is to develop a predictive dynamical model of a nanoencap-
sulation process using an emulsion diffusion method. This model describes the formation
of the polymeric membrane around the oil droplet and its size reduction due to the sol-
vent diffusion. To this end, we assume that the phase separation is only due to purely dif-
fusive mechanism. This work is illustrated on the formation of poly-e-caprolactone (PCL)
around the oily core formed of labrafac from the initial homogeneous polymer-solvent-
nonsolvent solution (PCL, ethyl acetate, and labrafac). The polymeric membrane forma-
tion, the size reduction of the nanocapsule after the solvent diffusion, and the morphology
of nanocapsules are experimentally investigated. It is shown that the results obtained in
simulation from the dynamical model are in agreement with the experimental ones. The
model is then used to predict the effect of the initial composition on the nanocapsule mor-
phology. VVC 2009 American Institute of Chemical Engineers AIChE J, 55: 2094–2105, 2009
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Introduction

Nanoencapsulation of solid or liquid by polymer coating
technique1–7 is widely used in the pharmaceutical field.8–15

The main benefits of this technique are to improve the stabil-
ity of the drug, to protect the drug from environmental con-
ditions, and to better control the drug release.

One of the several methods to produce nanocapsules is the
emulsion diffusion method. In this process, the formation of
nanocapsule is characterized by the diffusion of solvent from
an initially homogeneous polymer-solvent-nonsolvent solu-
tion. Such diffusion leads to the formation of a turbid two-
phase solution. Solidification then follows in which the poly-
mer from the polymer-rich phase precipitates to form a solid
membrane which envelops the polymer-lean phase.

Most of the work developed in this field focuses on the
experimental studies,16–19 which are usually time consuming

and require extensive trials. This difficulty can be greatly
overwhelmed by accurate and reliable mathematical models.
Moreover, these models provide a better understanding of
effective control of the nanocapsules membrane formation.
Indeed, the modeling of kinetics of nanocapsule formation is
of great interest because some of their important stages are
very fast and may be hardly accessible to a direct experi-
mental observation.

The goal of this work is to provide a model of the mecha-
nisms of the nanocapsule formation and of the polymeric
membrane formation.

To represent these mechanisms, phase separation and
mass transfer phenomena have to be coupled.

The phase separation of a mixture has been introduced by
Gibbs free energy. The phase separation occurs if the system
can lower its free energy, i.e., it appears for nonstrictly con-
vex Gibbs free energy function.

The Gibbs free energy of nonideal mixture have two spi-
nodal points corresponding to unstable region limit in which
the separation phase occurs.20 The region between the bi-
modal and spinodal points is only metastable and corre-
sponds to nucleation mechanism.
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In the case of nonideal solvent/polymer mixture, the noni-
deality of the free energy is represented by the enthalpic part
of the Flory-Huggins thermodynamic model.21 The diffusion
in nonideal mixture described by this thermodynamic model
fails to be represented by Fickian diffusion as shown by
Nauman.20 This author proposes a solution only for closed
system by introducing Cahn-Hilliard formalism (also called
spinodal decomposition).

In this article, the system under consideration is open.
Consequently, Cahn-Hilliard formalism cannot be applied.
So, Fickian diffusion is used with Flory-Huggins model
without the enthalpic contribution. The phase separation is
approached by using varying diffusion coefficient with
respect to polymer concentration.

In the first section, we present the experimental work that
we performed to get data related to the mechanism of the
nanocapsule formation. This work points out the two phe-
nomena: the membrane formation around the internal phase
and the nanocapsule radius reduction.

Afterward, we propose a predictive model of the forma-
tion of a single droplet. This model is based on the multi-
component mass transfer and ternary diffusion (with depend-
ency of the diffusion coefficient on the polymer concentra-
tion). This model allows both the prediction of spherical
polymeric membrane formation as well as the size of this
latter following the dilution of the continue phase.

Finally, we present some results obtained from the simula-
tion of the aforementioned model illustrating the internal
composition during the solvent diffusion. We study the
robustness of this model and discuss about its properties and
limitations.

Materials and Methods of Preparation of
Nanocapsules

Materials

The polymer used for the nanocapsules formation is poly-
e-caprolactone (PCL; Sigma Aldrich Chemical Company,
USA). The core of the nanocapsule is made of an oil, labra-
fac lipophilic WL 1349, a mixture of triglycerides of fatty
acids caprylic (C8)/capric (C10) from Gattefossé. The sol-
vent is the pure ethyl acetate from Laurylab. The stabilizer
is polyvinyl alcohol (PVA; Mowiols 40-88, 88% hydro-
lyzed). Distilled water saturated with solvent is used as a
nonsolvent and distilled water as a diluent for the emulsion.

Emulsification–diffusion method

The origin of this technique is due to Quintanar-Guer-
rero.22 The nanocapsules are prepared using the emulsifica-
tion–diffusion process. It is a two-step method, based on the
production of an emulsion (Step 1), followed by a dilution
with distilled water leading to the deposition of the polymer
around the droplets (Step 2), and as a result, the formation
of nanocapsules.

The emulsification involves an organic phase and an aque-
ous phase. The organic phase is composed of partially
water-soluble ethyl acetate, previously saturated with water,
containing the dissolved PCL and labrafac. The aqueous
phase contains the distilled water previously saturated with

ethyl acetate and containing PVA. The emulsion is obtained
by mixing these two phases.

The polymer emulsion resulting from such treatment is
very stable and contains very small droplets (below 0.3 lm
diameter). The subsequent addition of a large volume of
water to the system causes the solvent diffusion into the
external phase, leading to the polymer deposition around the
droplets, and the formation of nanocapsules. The solvent is
eliminated from the final mixture by evaporation under
reduced pressure.

It appears that the formation of nanocapsules occurs dur-
ing the diffusion step when the organic solvent diffuses out
of the organic phase leading to the nascent polymeric mem-
brane. Consequently, our study will be driven by the hypoth-
esis that the mechanism of the nanocapsule formation by
emulsion diffusion method is due to diffusion alone.

Preparation of PCL nanocapsules

First, the two mutually saturated phases are prepared. The
saturated water contains 8–10% of ethyl acetate and the satu-
rated solvent contains 2–3% of water. The stabilizer PVA is
dissolved at a concentration of 2.5% w/w in saturated water
at 50�C for 20 min. The labrafac (0.5 g) and the PCL (0.2
g) were dissolved in 20 ml of saturated ethyl acetate at 50�C
for 20 min. The resultant organic solution (20 ml) is dis-
persed into saturated water (40 ml) containing stabilizer
using rotor-stator device (Ultraturraxss T25) at 8000 rpm
during 5 min in a cylindrical vessel.

The emulsion is formed at 20�C. The dispersed droplets
are converted into nanocapsules by the addition of a large
volume of water (200 ml) to induce the solvent diffusion.
After addition of water in the emulsion and the mixing at
300 rpm, the nanocapsules are formed. Extraction of the sol-
vent and water from the nanocaspsules suspension is
achieved by evaporation at 40�C in a rotary evaporator under
reduced pressure (50 mbar).

PCL nanocapsules characterization

Particle Size Evolution. The size of the nanocapsule is a
very important parameter because it is one of the factors to
control the kinetics of drug release. Consequently, it is im-
portant to characterize this parameter. Unfortunately, the
investigation of the dynamics of particle size evolution gives
rise to many experimental difficulties. The main experimen-
tal difficulties are due to the fast rate of diffusion of the sol-
vent and from the small size of the particles that do not
allow continuous measurements.

To overcome these difficulties, we assume that the system
goes through an infinity of thermodynamic equilibrium states
and that each equilibrium state corresponds to the amount of
water present in the external phase. At the end of this process,
we assume that nanocapsules are similar in size and composi-
tion as those obtained by the standard method. So we propose
to add regularly a small amount of distilled water and then to
measure the mean diameter of nanocapsules. Accordingly, a
partial diffusion of the solvent out of the emulsion droplets is
performed by means of these discontinuous dilutions. This
technique slows down the diffusion process and consequently
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it enables to explore the different intermediate states taking
place during the dilution step.

We consider an emulsion oil–water prepared accordingly
to the previous operational protocol.

The mean particle size of the nanoparticles is assessed by
the Nanotrac from Granuloshop (NAS35 Autosampler) while
plunging the probe of the Nanotrac in the sample. This tech-
nique uses an advanced power spectrum analysis of Doppler
shifts to produce a full volume distribution of particle sizes.
Any additional dilution of the suspension is not required for
this technique.

The operating procedure for the assessment with Nanotrac
is the following: After each dilution with 10 ml of distilled
water, 1 min is necessary for stirring the suspension. Then
the suspension is released after 1 min as the assessment is
based on Brownian motion. One additional minute is neces-
sary for the measurement.

The evolution of the size of the nanocapsules according to
time and to the quantity of water added in the external phase
is investigated. Figure 1 presents the evolution of the size of
the nanocapsules for two similar experiments.

The arrows in Figure 1 correspond to the addition of 10 ml
of water. These experiments show that the diameter of the
nanocapsule decreases continuously with the increase of the
quantity of water and that the experiments are repeatable.

Assuming that there is no solvent evaporation, the com-
parison of the emulsion (diameter at t ¼ 0) and of nanocap-
sule suspension size distributions (diameter at t ¼ tfinal)
shows that the solvent diffusion occurs only after the emul-
sion formation, while the dilution water is added. This diffu-

sion results in the transformation of each droplet in a particle
of smaller size.

These observations show that the formation of nanocap-
sule by emulsion–diffusion is a dynamic process that can be
associated with the diffusion of the solvent from the droplet
to the external phase.

Internal Morphology Study. Few data on structural orga-
nization of the nanocapsules constituents are available in lit-
erature. The presence of an oil ‘‘capsular’’ structure sur-
rounded by a polymeric envelope is only suggested by
hypotheses. However, the structure of the particle and the
thickness of the membrane are very important parameters
because they play a major role in the protection of the drug
and in the kinetics of drug release.

To obtain information about the formation and morpholog-
ical characteristics of nanocapsules, the transmission elec-
tronic microscopy (TEM) is used after cryofracture before
and after complete dilution as shown in Figure 2.

In this experiment, the emulsion is quickly frozen in liquid
nitrogen (�210�C), which clamps down the emulsion com-
ponents instantly.

The illustrations of the Figure 2 show the internal organiza-
tion and the structure of the nanocapsule within the emulsion.

The TEM observation, before dilution (Figure 2a), shows
a homogenous structure inside the nanocapsule with no con-
trast. In Figure 2b, the particle core has a different contrast
from that of the shell; it has a capsular structure with homo-
geneous shell. Moreover, the surface of the nanocapsule
becomes smoother after solvent diffusion.

In both cases, well-defined particles having spherical form
can be observed. The diameters measured on the pictures are
in good agreement with those determined by light scattering
analysis.23 It also confirms, as seen with the first experiment,
the reduction of the radius of the nanocapsule. The mean value
thickness of the membrane thickness is estimated to be about
15 nm from direct manual measurements on the pictures.

Modeling of Nanocapsule Formation

To model the formation of the nanocapsules by emulsion
diffusion process, we investigate the problem of a single
droplet. This droplet is suddenly plunged into an infinite
aqueous phase. We also assume that outside the droplet, the

Figure 1. The evolution of the nanocapsule diameter
for two same experiments.

Figure 2. Internal structure of the nanocapsule before (a; at t 5 0) and after dilution (b; at t 5 ttotal).
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solvent concentration is kept equal to zero because of both
perfect stirring and infinite dilution. We represent this sys-
tem as two concentric spheres as shown in Figure 3. The
large sphere represents the aqueous phase and the small one
represents the droplet.

We make the following assumptions:
• There are two systems, the external one which repre-

sents the exterior of the nanocapsule {solvent þ nonsolvent}
and the internal one {solvent–water þ polymer þ oil}. The
stabilizer is not taken into account. We assume that it does
not participate to mass transfer phenomena. It stays around
the nanocapsule to stabilize it.
• Only three components are inside the nanocapsule (sol-

vent, polymer, oil). The solvent is saturated with water but
has the same behavior of that of the solvent alone.
• Nanocapsules are represented by symmetrical spheres

with average radius R(t).
• Diffusion inside the droplet is described by Stefan-Max-

well according to the radial coordinate r is considered.
• The mass transfer outside the droplet is proportional to

the droplet dissolution rate.
• The molar volume of the polymer is constant.
• The mass transfer at the interface of the droplet is

described by a film model.
We assume that the nanocapsule polymeric membrane for-

mation is due to purely diffusive processes, which causes the

polymer accumulation. When the polymer accumulation
exceeds some solidification concentration, the solidification
of the accumulated polymer takes place and the polymeric
membrane is formed.

It leads to the following assumption:
• We assume that both diffusion coefficients of polymer–

solvent and polymer–nonsolvent are function of the polymer
volume fraction. These diffusion coefficients are represented
by empirical functions that we establish.

The empirical laws are chosen such that the diffusion
coefficient decreases. The empirical laws are chosen such
that the diffusion coefficient decreases from its initial value
to the solidification concentration for which the polymer
does not diffuse anymore.

Moreover, the Maxwell-Stefan model expresses the chemi-
cal potential as a function of the flux variables. Conse-
quently, to compute these flux variables, it is necessary to
inverse this function leading to the constraint that the diffu-
sion coefficients never equals to zero during the simulation.
So the empirical functions are chosen such that the diffusion
coefficient tends to a small value when the polymer volume
fraction tends to the critical value.

Model Formulation. First, we present the constitutive
relations used for modeling the mass transfer as well as the
thermodynamic phenomena. Then, the different mass balan-
ces and the differential equation driving the evolution of the
radius of the nanocapsules are given. Finally, boundary con-
ditions are presented.

Mass transfer model. In several works, the Maxwell-Ste-
fan approach has been adopted to model the multicomponent
mass transfer.24 The driving forces are given as a linear
combination of the material fluxes.

Maxwell-Stefan model has been successfully applied to
describe multicomponent diffusion in simple fluid mix-
tures.24 Recently, it has also been used to describe transport
through polymeric membranes in a solution–diffusion frame-
work. However, application of Maxwell-Stefan model to a
solvent–membrane system presents a problem: the molar
concentration of the membrane is ill defined as its molecular
weight is unknown.25

To circumvent this deficiency, several suggestions have
been proposed in the literature.26–31 Nevertheless, the
Extended Maxwell-Stefan theory (EMS) developed by For-
nasiero et al.32 remains the most attractive one. This model
is developed for solutions of molecules that have starkly dif-
ferent sizes.

In the EMS theory, the polymer molecule is modeled as a
collection of segments connected together. Each segment has
roughly the size of the solvent molecule, and all segments in
the polymer molecule have identical frictional properties.
When compared with the classical Maxwell-Stefan model, in
the EMS formalism, the friction factor kij between the collid-
ing molecules i and j is related to the molar segment concen-
trations instead of the molar species concentrations. Its
expression is given in Eq. 1:

kij ¼ RT
c0i c

0
j

c0T�D0
ij

(1)

where the superscript 0 refers to segments.

Figure 3. Schematic description of nanocapsule forma-
tion and time evolution of mass fraction of
species.
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According to EMS theory, diffusive fluxes are related to
the driving forces (gradients of the chemical potentials) by
Eq. 2:

� cirT;Pli ¼ RT
XNc

j¼1
j 6¼i

c0i c
0
j

c0T�D0
ij

N0
i

c0i
� N0

j

c0j

 !
; i ¼ 1; 2; :::;Nc

(2)

where rT,Pli is the gradient of chemical potential for species i
and N0

i , N
0
j are the molar flux of segments of species i and j,

respectively.
Fornasiero et al.32 assume that there is no volume change

upon mixing and convert the segment mole fraction into a
species volume fraction /0

i according to Eq. 3:

c0i ¼
/0
i

v0
(3)

with /0
i ¼ /i and c0i ¼ cin

i
s.

Although the choice of the segment unit (and therefore
the choice of the molar volume v0i ) is arbitrary, it is reasona-
ble, based on physical arguments,32 to assume that the sizes
of all segments and for all species i are the same. From this
assumption, for any species i, we have v0 ¼ v, and the total
segment concentration is c0T ¼ 1/v. A convenient choice for
v is the molar volume of the pure solvent or the molar vol-
ume of the component that has the smallest molecules. This
choice of v is identical to the lattice size in Flory-Huggins
polymer solution theory,33 which is widely used to express
the chemical potential of a species in a polymer solution or
in a membrane as a function of the condensed-phase compo-
sition.33

Then Eq. 2 becomes

� cirT;Pli ¼ RT
XNc

j¼1
j 6¼i

1

�D0
ij

ð/iN
0
j � /jN

0
i Þ; i ¼ 1; 2; :::;Nc (4)

Finally, let us notice that EMS theory is consistent with
restrictions given by the Gibbs-Duhem equation and by Ons-
ager’s reciprocity relations. By the Gibbs-Duhem relation-
ship given in Eq. 5, only (Nc � 1) chemical potential gra-
dients are independent.

XNc

i¼1

niDli ¼
XNc

i¼1

/i

nisv
0
Dli ¼ 0 (5)

To emphasize the influence of species on the molar fluxes
of segments, let us write the expression of segment flux of
each component as it will appear in the model. For this pur-
pose, we have to take into account the constraints on volume
fractions and molar fluxes:

PNc

i¼1

/i ¼ 1

PNc

i¼1

N0
i ¼ 0

8>><
>>: (6)

We then obtain the relations:

�c1rT;Pl1
�c2rT;Pl2

� �
¼ RT

�/2

�D0
12

� ð1� /2Þ
�D0
13

/1

�D0
12

� /1

�D0
13

/2

�D0
21

� /2

�D0
23

�/1

�D0
21

� ð1� /1Þ
�D0
23

2
666664

3
777775

N0
1

N0
2

� �

(7)

Mass balance inside the nanocapsule. The continuity
equation for component i in the nanocapsule is obtained
from the differential material balance. Considering the seg-
ment volume fraction, one can write

@/iðt; rÞ
@t

¼ � v0

r2
@ðr2N0

i Þ
@r

(8)

where the diffusion flux of segments of component i, N0
i , is

defined by Eq. 4.
Mass balance outside the nanocapsule (external phase). For

the sake of clarity, the component system solvent (ethyl ace-
tate), polymer (PCL), and oil (triglyceride mixture) are
denoted as 1, 2, and 3, respectively.

The rate of change of the solvent mole number next1 is
given by:

dnext1

dt
¼ Vext

dcext1

dt
þ cext1

dVext

dt
(9)

where Vext is the volume of the external phase which is defined
as follows:

Vext ¼ 4p
3
ðR3

ext � R3
t Þ (10)

Outside the nanocapsule, only the solvent diffuses. Conse-
quently, the fluxes of the other components are equal to
zero. Moreover, the mass transfer at the interface of the
sphere is described by the film model: it is assumed that all
of the resistance to the mass transfer is concentrated in a
thin film, or layer, adjacent to the boundary.24 So the rate of
change of the number of mole of solvent is

dnext1

dt
¼ Ke

1 c�1 � cext1

� �zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{N1

S ¼ Ke
1

n1s
ð/�

1 � /ext
1 Þ (11)

Replacing dVext

dt and Vext by their values in Eqs. 9 and 10
and rearranging Eq. 11 by Eq. 10, we finally obtain the rate
of change of the solvent concentration in the external phase:

d/ext
1

dt
� 3/ext

1 R2
t

ðR3
ext � R3

t Þ
dRt

dt
� K1

� �
� 3K1/

�
1R

2
t

ðR3
ext � R3

t Þ
¼ 0 (12)

The rate change of the nanocapsule radius. The objec-
tive of this paragraph is to point out the correlation between
the nanocapsule radius motion and the mass transfer rate at
the interface. Because of the solvent diffusion toward the
external phase, the nanocapsule radius Rt moves with the
velocity dRt

dt . Only the solvent diffuses at the interface of
the nanocapsule. Therefore, the rate change of the total mole
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number corresponds to the solvent quantity which diffuses
toward the external phase. So it is given by Eq. 13:

dnt
dt

¼ Ntðr¼RtÞS (13)

We assume that the molar fluxes of polymer and of oil at
the interface of the nanocapsule are equal to zero:
N2ðr¼RtÞ ¼ N3ðr¼RtÞ ¼ 0. So the total flux is given by
Ntðr¼RtÞ ¼ N1ðr¼RtÞ. We finally deduce the following:

dnt
dt

¼ � dnext1

dt
(14)

The total mole number is calculated as follows:

nt ¼ Vt

v0

XNc

i¼1

/i

��
Vt

nis
(15)

where /i ¼ 4p
Vt

R R
0
/ir

2dr is the mean value of the volume
fraction in the nanocapsule.

Using this relation, the derivative of nt is given by:

dnt
dt

¼ 4pR3
t

3v0

XNc

i¼1

1

nis

d/i

��
Vt

dt
þ 4pRðtÞ2

v0
dRt

dt

XNc

i¼1

/i

��
Vt

nis
(16)

By Eq. 11, the rate change of the nanocapsule radius
meets the relation

Rt

3

XNc

i¼1

1

nis

d/i

��
Vt

dt
þ dRt

dt

XNc

i¼1

/i

��
Vt

nis
þ K1

n1s
ð/�

1 � /ext
1 Þ ¼ 0 (17)

where the equilibrium volume fraction of solvent /�
1 is given

by

/�
1 ¼ ke1/1jRt

(18)

Boundary conditions

The calculation of the boundary conditions is done in ac-
cordance with classical methods already presented in litera-
ture.34,35 This model is solved in taking into account the fol-
lowing boundary conditions

At r ¼ 0 N0
i ¼ 0 i ¼ 1; 2; 3 (19)

At the interface, the continuity of flux is set down. So the
continuity of flux of species 1, 2, and 3 at the moving
boundary Rt has to be computed. As previously mentioned,
the molar flux of polymer and oil at the interface of the

nanocapsule is equal to zero. So, the molar flux of solvent is
not equal to zero.

Using the Leibniz integral rule, the time variation of the
volume fraction over the moving volume of component i is
computed:

d

dt

ZRt

0

4p/iðt; rÞr2dr ¼
ZRt

0

@/iðt; rÞ
@t

4pr2dr þ 4pR2
t /iðt;RtÞ dRt

dt

(20)

Considering mean values, the left term of equality 20
leads to the following mole balance:

1

nisv
0

dð/iVtÞ
dt

¼ dni
dt

(21)

Using Eq. 8, the first term of the right member of the
equality 20 can be replaced. So Eq. 20 becomes

nisv
0 dni
dt

¼
ZRt

0

� v0

r2
@ðr2N0

i Þ
@r

4pr2dr þ 4pR2
t /iðt;RtÞ dRt

dt
(22)

Finally, we obtain the following relation for flux at the
moving boundary:

nisv
0 dni
dt

¼ 4pv0R2
t N

0
i ðRtÞ þ 4pR2

t /iðt;RtÞ dRt

dt
(23)

It is due to the following boundary conditions:

At r ¼ Rt

N0
1

��
Rt

n1s
� dRt

dt

/1jRt

n1s v
0
¼ K1ðc�1 � cext1 Þ

N0
1

��
Rt

nis
� dRt

dt

/ijRt

nisv
0
¼ 0 i ¼ 2; 3

8>>>>>><
>>>>>>:

(24)

with c�1 ¼
/�
1

n1s v
0
.

Numerical resolution

These equations are spatially discretized using the finite
volume method with a variable grid size; one hundred finite
volumes are used. It leads to a system of differential alge-
braic equations. This resulting model is strongly nonlinear
and stiff. It is solved using the Petzold-Gear method
(DDASPG routine of the IMSL package).

Simulation. According to the model developed, a numeri-
cal algorithm has been developed using the FORTRAN lan-
guage.

Table 1. Physical Parameters

Solvent Ethyl Acetate Oil Labrafac Water Polymer PCL

Molar mass (g/mol) 88.12 470 18 80,000
Density (mass volume/mass volume of water) 0.902 0.946 1 1.145
Viscosity (mPa s) 0.44 26 1 –
Molar volume (�10�6 m3/mol) 97.69 456.83 18 12,459
Temperature (K) 293 293 293 293
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Results and Discussion

Model parameters

All physical parameters are given in Table 1.

Mass transfer parameters

The Mass Transfer Coefficient for the Solvent. The mass
transfer coefficient K1 (m/s) is the ratio between the coeffi-
cient of diffusion in the film and the film thickness. It is cal-
culated using the correlation of Wakao and Funazkri36:

Sh ¼ 2:0þ 1:1Sc1=3 Re0:6

The Diffusion Coefficients of Liquids. The diffusion coef-
ficients of the oil in the solvent are defined using the
Vignes37 equation: D�ij ¼ ðD��

ijÞxiðD�
�
jiÞxj . D�

�
ij is the infinite dilu-

tion coefficient of species i in species j. It is estimated using
the Wilke-Chang38 equation:

�D�
ij ¼ 7:4� 10�8 ðHjMjÞ1=2T

gvj v
i
m

Results are summarized in Table 2.
The Diffusion Coefficients of Liquids in the Polymer. To

represent the polymeric membrane apparition, we assume
that the membrane formation is attributed to the direct accu-
mulation–solidification of the polymer. The solvent diffusion
induces the polymer accumulation and subsequent formation
of the polymeric membrane. Consequently, one can assume
that the polymer diffusion coefficients depend on its volume
fraction.

As described in the assumptions of modeling paragraph,
we assume that the diffusion coefficients are decreasing
exponentially with the polymer volume fraction /2. The em-
pirical laws are chosen as decreasing functions. They fulfill

some consistent order of magnitude when /2 tends to be 0
or the solidification volume fraction:
• Diffusion coefficients of the polymer in the solvent (m2/

s): D�21 ¼ 10�8ð10�100/2Þ þ 10�19

• Diffusion coefficients of the polymer in the nonsolvent
(m2/s): D�23 ¼ 10�10ð10�60/2Þ þ 10�19

Figure 4 gives the shape of these diffusion coefficients
with respect to /2 and shows that the solidification volume
fraction is about /2 ¼ 0.015. The decrease rate of the diffu-
sion coefficient of the polymer in the solvent is chosen big-
ger than the one of the diffusion coefficient of the polymer
in the nonsolvent. When the polymer solvent fraction
increases, these coefficients decrease and tend toward zero,
the molar flux becomes negligible. The phase separation
gives rise to a solid polymer that does not diffuse.

Finally, the initial states are given in Table 3.
To compare the experimental results with the simulation,

the input solvent volume fraction /ext;e
1 (t,r) is represented by

a succession of steps as shown in Figure 5.

Simulation results: Comparison with the experiment

The simulation results corresponding to previously given
initial states and inputs are shown in Figure 6.

In the simulation using the same initial composition as for
experiment, the nanocapsule diameter decreases until about
419 nm at the end of experiment. This value is very similar
to the experimental data which shows a final reduction of
the nanocapsule diameter to 320 nm. In general, a good
agreement is obtained between the simulation results and ex-
perimental data. It strengthens the hypothesis of the nano-
capsule size reduction associated with a solvent diffusion.

To figure out the phase separation induced via the diffu-
sion coefficients of polymer/solvent and polymer/nonsolvent,

Table 2. Mass Transfer Coefficients

Acetate/Water Acetate/Labrafac Labrafac/Acetate

D��
ij (m

2/s) – 9.31 � 10�8 1.85 � 10�8

K1 (m/s) 4.43 � 10�5 – –
kei (–) 0.092

Figure 4. Diffusion coefficients D�21 (–) and D�23 (--) vs.
/2.

Table 3. Initial States for the Model

Model Input Value

Solvent volume fraction (–), /e
1ðt ¼ 0; rÞ 0.996

Polymer volume fraction (–), /e
2ðt ¼ 0; rÞ 0.001

Radius of the capsule (m) Rt (t ¼ 0) 1.135 � 10�6

Figure 5. Added solvent volume fraction with respect
to time.
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the process is simulated in real conditions where the total
quantity of water (200 ml) is added at one time. The calcu-
lated solvent fraction input /ext;e

1 (t ¼ 0, r) is then equal to
0.0152. The polymer volume fraction at several radial posi-
tions (100 volumes are chosen for spatial discretization) and
the diameter evolutions are represented in Figures 7 and 8,
respectively.

As shown in Figure 7, the polymer volume fraction
reaches its maximum at the interface of the nanocapsule.
This interface corresponds to the 8% of the radius. This
result reproduces the polymeric membrane formation
observed from the experiment. The thickness of the mem-
brane is approximately equal to 17 nm—close to the experi-
mentally measured thickness 15 nm as already given in pre-
vious section.

Moreover two zones can be pointed out:
• The first zone from t ¼ 0 h to t ¼ 3 h with small

enrichment at the interface.
• The second zone from t ¼ 3 h with the phase separation

induced by the polymer diffusion coefficients through their
dependency on polymer volume fraction. It can be observed
that there are two phases: the first one is rich in oil and is
located in the center, and the second one is rich in polymer
and is located at the interface of the nanocapsule.

This phenomenon represents the solidification of the poly-
mer. Consequently, the polymer remains at the nanocapsule
interface and forms a porous membrane around the oil.

Figure 8 shows that the 419-nm final diameter is reached
at time 14 h. The diameter decreases rapidly to 500 nm in 2
min and then this decrease is slowed down.

Figures 7 and 8 show two distinct dynamics: the faster
one corresponding to the solvent extraction and the slower
one to the reorganization in the nanoparticle. The membrane
formation occurs after the extraction of the majority of sol-
vent.

Remarks. At infinite time, this model does not represent
the final state of nanocapsule. It does not take into account
the complete solidification of the polymer. Indeed, at the end
of the nanocapsule formation, the polymer–solvent and poly-
mer–nonsolvent diffusion coefficients decrease to 10�18 and
remains at this value. As a consequence, the system will
return to the new thermodynamical equilibrium after a long
time, which is not represented in Figure 7.

Simulation results: Influence of the polymer/oil
initial volume ratio

The increase of polymer concentration. Simulations are
performed for two polymer/oil initial ratios (1/6, 5/6) and
are compared with the previous one (1.5/6). The effects on
the diameter evolution and polymer volume fraction evolu-
tion are represented in Figures 9–11.

Figure 6. Nanocapsule diameter prediction (lm) and
experimental data.

Figure 7. Polymer volume fraction evolution vs. time.

Figure 8. Diameter evolution (lm) vs. time.

Figure 9. Diameter (lm) vs. time (min) for different
polymer oil mass ratio and constant volume
fraction of solvent.
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Figure 9 shows that the diameter increases with the
increase of the polymer/oil ratio. The increase of the poly-
mer/oil ratio is equivalent to the increase of the concentra-
tion of polymer. This simulation result is in agreement with
the experimental results presented in Guinebretière et al.19,39

Figures 10 and 11 give the polymer volume fraction
evolutions.

The vertical bar situated at t ¼ 14 h permits to compare
more easily the evolution of the polymer volume fractions
with the one given in Figure 7. They show that the transitory
dynamic decreases with respect to the increase of the initial
polymer/oil ratio. Moreover, the thickness of the nanocapsule
increases with respect to the increase of the initial polymer/
oil ratio, as also mentioned by Loxley et al.40 The thick-
nesses are 16.4, 17.4, and 26.4 nm for initial ratios 1/6, 1.5/
6, and 5/6, respectively.

Finally, comparing the structure of the polymer membrane
at time t ¼ 14 h, we can observe the following:
• This membrane is richer in polymer when the initial

polymer/oil ratio increases. In Figure 11 it can be observed
that the enrichment of the membrane is about /2 ¼ 0.17 for
the first 8 volumes and /2 ¼ 0.1 for the other 92. So it can
be concluded that for very small polymer/oil ratio, the struc-
ture tends to a nanosphere40 where the polymer is homoge-
neously distributed in the capsule.
• The dynamic of polymer enrichment of the membrane

decreases when the initial polymer/oil ratio increases. In Fig-

ure 10, the polymer enrichment of the membrane has not
reached its maximum at time t ¼ 14 h. The structure tends
to a nanocapsule40 where the polymer is concentrated at the
interface.

The increase of oil concentration. To study the effect of
the increase of the oil concentration with respect to nanocap-
sule diameter and membrane thickness, different operating
conditions given in Table 1 of Ref. 39 are simulated. For
this simulation, the initial polymer volume fraction and
the initial radius of the capsule are the same as given in
Table 3. The total quantity of water (200 ml) is added at one
time. The initial oil volume fraction is computed with
respect to the simulated ratio. Simulation results and experi-
mental data39 are summarized in Table 4.

The simulated and experimental results show the same
tendencies. The diameter decreases and the thickness
membrane increases with respect to the decrease of oil
concentration.

Simulation results: Influence of the acetate initial
volume ratio

Finally, Figure 12 shows that the size of nanocapsule is
inversely proportional to the volume of solvent. These simu-
lation results are in agreement with experimental results
presented by Guinebretière et al.39

Figure 10. Polymer volume fraction vs. time for poly-
mer oil 5/6 mass ratio and constant volume
fraction of solvent.

Figure 11. Polymer volume fraction vs. time for poly-
mer oil 1/6 mass ratio and constant volume
fraction of solvent.

Table 4. Experimental and Simulated Membrane Mean Size
and Membrane Thickness for Different Oil Concentration

Polymer/Oil
Ratio

Experimental
Mean Size

(nm)

Simulated
Mean Size

(nm)

Experimental
Membrane
Thickness

(nm)

Simulated
Membrane
Thickness

(nm)

1/2.5 483 � 30 414 22 � 1.5 33
1/2 376 � 23 402 20.5 � 1.2 36
1/1 351 � 20 377 32 � 1.8 45
1/0.5 360 � 4 365 50 � 0.5 51

Figure 12. Diameter vs. time for different volume frac-
tion of solvent.
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Conclusions

The main purpose of this work is to study the formation
of the polymeric membrane during the nanocapsule synthesis
using emulsion diffusion process. This polymeric membrane
plays a predominant role for the protection of incorporated
drugs as well as for the release profile.

A model using polymer concentration varying diffusion
coefficients is proposed to capture the nanocapsule forma-
tion. This model is able to describe the polymeric membrane
formation at the interface of the nanocapsule and the time
evolution of the size of the nanocapsule induced by solvent
extraction. The diffusion phenomena are described using
Maxwell-Stefan equation written in the formalism of Forna-
siero,32 allowing global mass balance conservation for spe-
cies with starkly different sizes.

To take into account the formation of the polymeric mem-
brane with the constraint that the polymeric membrane flux
is never equal to zero, we assume that the polymer diffusion
coefficient decreases within a large interval. The polymer
diffusion coefficient values are chosen as empirical decreas-
ing function of polymer concentration.

The resulting model is then used to simulate the polymeric
membrane formation and to study how the results are influ-
enced by the process inputs.

The results obtained with different initial compositions
show that the internal structure of the nanocapsule strongly
depends on the polymer/oil ratio. Using this model, we are
able to predict the internal structure of the nanoparticles and
the polymeric membrane thickness according to input varia-
bles (the polymer/oil ratio for example).

Comparison between practical experiments giving the ra-
dius evolution and the corresponding simulations have
shown a good agreement. The model assumptions are satis-
fied and the developed model can be used to represent the
structure of the nanocapsule.

Notation

c�i ¼ equilibrium molar concentration of the component i (mol/
m3)

ci ¼ molar concentration of the component i (mol/m3)
ciext ¼ external molar concentration of the component i (mol/m3)

c0i ¼ segment molar concentrations of species i (mol/m3)

c0T ¼ total segment concentration (mol/m3)

D�0
ij ¼ EMS diffusivity (cm2/s)

D��
ij ¼ infinite dilution coefficient of the species i in the species j

(cm2/s)
g ¼ free energy of mixing per unit of volume (j/m3)
Ki ¼ mass transfer coefficient (mol/s)
ke1 ¼ equilibrium constant
kij ¼ friction factor [j/(m4 s)]
Mj ¼ molar masse of j (g/mol)
Ni ¼ molar flux of the component i [mol/(m2 s)]
N0
i ¼ segment molar flux of the component i [mol/(m2 s)]

Nc ¼ number of component (–)
ni ¼ mole number of the component i (mol)

nexti ¼ mole number of the component i in the external phase
(mol)

np ¼ total number of particles (volume of the organic phase/
volume of particle)

nt ¼ total number of moles (mol)
nis ¼ number of segments per molecule of species i (–)
r ¼ radial coordinate (m)

R ¼ ideal gas constant [j/(mol K)]
Rext ¼ radius of a sphere which represents the nanocapsule’s

environment (m)
Rt ¼ nanocapsule radius (m)
S ¼ total interfacial area for mass transfer (m2)

v0i ¼ molar volume of segment i (cm3/mol)

vmi ¼ molar volume of the component i (cm3/mol)
Vext ¼ volume of the external phase (m3)
VT ¼ total volume of the emulsion (m3)
t ¼ time (s)
T ¼ average temperature (K)
xi ¼ molar fraction for species i (–)

Species

1 ¼ solvent (ethyl acetate)
2 ¼ polymer (PCL)
3 ¼ oil (triglyceride mixture)

Greek letters

vij ¼ Flory-Huggins interaction parameter between species i
and j (–)

/i ¼ volume fraction of the species i (–)
/0
i ¼ volume fraction of the segments of the species i (–)

/e
i ¼ initial volume fraction of the species i (–)

/ext
i ¼ volume fraction of the species i outside the nanocapsule

(–)
/ext;e
i ¼ initial volume fraction of the species i outside the

nanocapsule (–)
/ijVt

¼ total volume fraction of the species i in the volume Vt (–)
/�
i ¼ volume equilibrium fraction of the species i at interface

(–)
li ¼ chemical potential of species i (j/mol)
gvj ¼ viscosity of j (mPa s)

Hj ¼ association factor of the species j (–)

Adimensional number

Sh � 2KiRp

Dij
¼ number of Sherwood

Sc � li
qiDij

¼ number of Schmidt

Re � 2qiRpu
li

¼ number of Reynolds
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Appendix

Spatial discretization

The spatial domain is initially discretized using a one-
dimensional spherical grid (with a positive orientation from
center to exterior of the sphere). To write the scheme of dis-
cretization in J, we indicate the node by J þ 1 and J � 1
located immediately on its right and its left (Figure A1). The
‘‘control volume’’ is centered in J and has a Dr length.
We assume that the flux leaving one control volume is the

same as the one entering in the adjacent volume. Inside each
volume, both physical and chemical properties are consid-
ered to be constant and equal to the volume-average value.
x is defined as the volume-average value of the variable x

in the volume V. It is given by the following equation:

�x � 1

V

Z
V

xdV (A1)

Equivalently in spherical coordinates

�x � 3

R3

ZR
0

xr2dr (A2)

Since the number of finite volumes is fixed, the boundary
coordinates of each volume are variable (because of the
moving interface). As a consequence, we use the Leibniz
integral rule to calculate the integral of the continuity
equation.

Figure A1. Scheme of discretization.
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To facilitate the numerical treatment of the moving inter-
face, the following coordinate transformation is used:

n ¼ r

Rt
for 0 � r � Rt and 0 � n � 1 (A3)

Accordingly

nðr; tÞ ¼ r

Rt
for 0 � r � Rt (A4)

With such change of coordinate, the boundary of the domain
remains fixed: 0 � n � 1.
The continuity equation for each component in each vol-

ume becomes:

d

dt

Zrj
rj�1

4p
3
/iðt; rÞr2dr

¼
Zrj
rj�1

d/iðt; rÞ
dt

4pr2dr þ 4pr2jþ1/ðt; rjþ1Þ drjþ1

dt

� 4pr2j /iðt; rjÞ
drj
dt

¼ �v0i

Zrj
rj�1

4p
@ðr2N0

i ðrÞÞ
@r

dr

(A5)

Replacing
drj
dt and

drjþ1

dt by their values, Eq. A4 becomes

1

3
n3j � n3j�1

� �@/i

@t

����
j

� 1

RðtÞ
@Rt

@t
n3j ð/iÞ

����
jþ1

� n3j�1ð/iÞ
����
j

 !"

� n3j � n3j�1

� �
/i

����
j

 !#
¼ � v0i

RðtÞ n2N0
i

� �����
j

� n2N0
i

� �����
j�1

" #

(A6)

The development of the continuity equation in the case of
moving boundaries appear as a convection term relative to
the solvent diffusion inside the nanocapsule. This term is
due to the fact that the solvent diffusion is compensated by
the volume reduction.
Then the boundary conditions are expressed by:

At n¼ 1
N0
i

� ���
n¼1

nis
� dRt

dt

/ijn¼1

nisv
0
i

¼ 0 i ¼ 2; 3 (A7)

N0
1

� ���
n¼1

n1s
� dRt

dt

/1jn¼1

n1s v
0
i

¼ K1ðc�1 � cext1 Þ (A8)
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