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In order to improve particle properties, new processes combining granulation and
crystallization are being developed. This present work deals with the spherical
crystallization process by the quasi-emulsion mechanism applied to a pharmaceutical

drug, ketoprofen. The di�erent steps occurring in the process are ®rst the formation of an
O/W emulsion, then the creation of the supersaturation of drug into the droplets by mass
transfer and heat transfer, and ®nally the nucleation, growth and agglomeration of drug
crystals inside the droplets. The mechanism of formation has been modelled in order to
aid control of the size, shapeand internal structure of grains asa function of the droplet size.

Keywords: spherical crystallization; emulsion droplets; mass transfer; thermal transfer;

modelling

INTRODUCTION

In order to improve pharmaceutical particle properties,
such as ¯owability, packability and compressibility,
spherical crystallization processes combining granula-
tion and crystallization are being developed. These
processes allow production in one step of spherical
grains made of small agglomerated crystals of the drug.
Direct tabletting of these particles is possible without
further processing (mixing, agglomeration etc.) because
the micromeritic properties of the pharmaceutical drug
can besuçciently improved bythe spherical crystallization
process1,2. Control of these properties thus enables control
of the tabletting. This paper deals with the process of
spherical crystallization by the quasi-emulsion mechanism
or the emulsion solvent di�usion process3.

In spherical crystallization, the choice of the solvents
is one of the main steps. Our system is composed of
a pharmaceutical drug, ketoprofen (alpha-(3-benzoyl-
phenyl)-propionic acid), a good solvent of ketoprofen,
acetone and a poor solvent of ketoprofen, water. The
ternary phase diagrams of this system (ketoprofen+
acetone + water) at various temperatures have been
presented elsewhere4. The solubility diagram exhibits
®ve regions : one homogeneous liquid zone, three two-
phase zones (two liquid-solid and one liquid-liquid
equilibria) and one three-phase zone. In the liquid-solid
regions, the solubility of ketoprofen increases with
temperature. An acetone mass ratio in acetone+ water
mixture, Ra, which delimits the di�erent regions of the
phase diagram, has been de®ned. For low Ra, the
solubility of the drug increases with this mass ratio.
Liquid-liquid zones are obtained for Ra in the range Ra,1

and Ra,2. When Ra is higher than Ra,2, the solubility

reaches a maximum for a value between 0.86 and 0.93kg
acetone/kg acetone + water mixture. At 20°C, the mass
ratio Ra,1 and Ra,2 are respectively equal to 0.24 and 0.67
kg acetone/kg acetone+ water mixture.

The ternary system (ketoprofen + acetone + water)
described by this phase diagram is present within the
droplets.

The principle of the process is based on the prepar-
ation of acetone saturated with ketoprofen at 50°C and
dispersion of this hot solution in aqueous solution,
producing quasi-emulsion droplets.

A polyvinylic alcohol, mowiol 8-88, is added to the
water in order to improve the dispersion of
acetone + ketoprofen solution. The mass fraction of
mowiolin continuousphasegenerallyused is223´ 10-6 kg
mowiol/kg water. It was shown that this emulsi®er does
not move inside the droplets during the experiment3.

The continuous phase has a temperature T 2 lower
than 50°C and is contained in a stirred vessel. As soon as
the emulsion droplets are formed due to the presence of
the emulsi®er, water and acetone di�use counter-
currently through the droplets. Heat and mass transfer
phenomena lead the droplet to a limit supersaturation
state allowing crystallization of ketoprofen.

So the di�erent steps occurring in the process are ®rst,
the formation of an emulsion, then, the creation of the
supersaturation of ketoprofen into the droplets by mass
transfer and heat transfer, and ®nally, the nucleation,
growth and agglomeration of ketoprofen crystals inside
the droplets. Three types of internal structureof the solid
grains have been identi®ed and explained in a previous
work: grains with one crust at their periphery, grains
with two juxtaposed crusts and grains full of crystals5.
The di�erent steps and structures are summarized in



Figure 1. The size, shape and internal structure of grains
depend on the initial size of the droplets.

This work deals with modelling the mechanism of
grain formation by the quasi-emulsion process. In the
®rst part, the creation of droplets is analysed. The
di�erent phenomena occurring inside the droplet are
treated separately in the second part. Finally, the
modelling of mass transfers in the droplet is presented.

INITIAL SIZE OF DROPLETS

The size of droplets depends on mass transfer and
emulsi®er concentrationsat interfacedroplet/continuous
phase6. In addition, in this case, the initial size of the
droplets changes with the external hydrodynamics of the
system (stirring rate, ¯owrate of poured solution), and
the volume ratio of the dispersed phase.

It is well known that in this type of emulsion, the
intensity of the internal circulations inside the droplets
depends on the size of the droplets. In the presence of
emulsi®er, for small droplets, these circulations become
negligible ( r̀igid droplet’)6.

So, initially, for given operating conditions, the
crystallizer contains droplets with internal circulations
and small droplets without circulations. Two limiting
cases have been modelled:.the formation of spherical grains derived from droplets
with internal circulations,.the formation of spherical grains derived from droplets
without internal circulations.

The ®rst model is called the homogeneous droplet
model, with reference to the formation of full grains,
while the second model is called the rigid droplet model
because it leads to the formation of grains with a crust.

LIMITING PHENOMENA AND CRITICAL SIZE

Mass transfer, heat transfer and internal circulations
are in competition in the droplets initially formed. These
phenomena are described by the usual balance
equations7. The following development aims to show

the limiting phenomena and to justify the chosen
assumptions for modelling.

Thermal Transfer

Assuming that the thermal transfer is independent of
mass transfer, internal circulations and crystallization,
the temperature pro®les inside the droplets surrounded
by a stagnant aqueous phase, at temperature T 2, with
negligible convection can be obtained by the resolution
of the thermal energy equation in a spherical coordinate
system7. By applying the boundary conditions r = Rg,
T = T 2 and initial condition t = 0, T = T1 for all
r

(0 £ r < Rg), it can be shown that the thermal pene-
tration distance, dT, increases as

dT ª ----------
pam

tÖ (1)

where am (= km.
qm.cp

m) is the thermal di�usivity of the
acetone + ketoprofen mixture. Thus the characteristic
time for conductive transport to depth r is t ª r2/(p am).

In order to calculate the thermal di�usivity, a linear
composition law has been used. A mean thermal
di�usivity equal to 7.3´ 10-5 m2s-1 has been found
between 10 and 50°C. The ketoprofen concentration has
been chosen equal to the saturation concentration at
50°C (T1), i.e. 0.660 ketoprofen/kg solution.

So, in the cases where r = 100lm, 200lm, 300lm, and
a = 7.3´ 10-5 m2s-1, the characteristic times are respec-
tively 4.3´ 10-5, 1.7´ 10-4 and 3.9´ 10-4 s. So, the
thermal transfer inside a droplet immersed into a stagnant
continuous phase is assumed to be quasi-instantaneous.

On the other hand, for mass transport with a di�usion
coeçcient about 10-9m2 s-1, this calculation leads to a
characteristic time of 12s for a droplet with r = 200lm.
This result suggests that the mass di�usion is limiting.

Internal Circulation

Internalcirculation can be calculated from momentum
balance and continuity equations in accordancewith the
terminal velocity. Mass and heat transfer and traces of

Figure 1. Mechanism of formation of sphericalgrains by the quasi-emulsionprocess.



surface-active contaminants may have a profound e�ect
on the behaviour of droplets. Even though the amount of
impurity may be so small that there is no measurable
change in bulk properties, a contaminant can eliminate
internal circulation, thereby drastically reducing overall
mass and heat transfer. Surface contaminants a�ect mass
transfer via hydrodynamics and molecular e�ects6.

The terminal velocity of a rigid sphere in creeping ¯ow
is obtained by the following equation:

U

¥ = Dq
gd

2
g

18l
(2)

It is given from Stokes’ law for a Reynolds number lower
than 2.

The terminal velocity and the corresponding particle
Reynolds number have been calculated as a function of
droplet size. The di�erence of densities Dq has been
chosen3 equal to 33kgm-3. From these results, as the
Reynolds numbers becomes higher than 2 from a droplet
with a diameter higher than 450lm, it has been assumed
that droplets with a diameter lower than 450lm acted as
rigid spheres and those with a diameter higher as ūid
spheres. Grains created from droplets with a diameter
lower than 450lm will thus have a full internal structure
and the larger other grains an internal structure with a
hole. This limit on the size of droplets seems to agreewith
the experimental limit on the size of grains.

Mass Transfer

DiŒusion coeçcients

Fick’s law has been adopted to calculate the di�usional
¯ux:

®
Ji = -DimC grad

))®
x i (3)

Assuming that the di�usion coeçcient Dim is constant,
the chosen reference is a system with a ®xed molar ¯ux.

In order to calculate the di�usion coeçcient of solute
i in mixture m (acetone+ water + ketoprofen), the
following equation has been used:

Dim = 1 - x i

å
3

j=1

x j

Dij

(4)

Dij is the di�usion coeçcient of component i in the
solvent j. Two coeçcients have been calculated: the
di�usion coeçcient of acetone in the mixture and of
water in the mixture. The details of the calculation are
given in Appendix 1. The di�usion coeçcient of acetone
in acetone+ ketoprofen and the di�usion coeçcient of
water in acetone + ketoprofen at 20°C are respectively
equal to 0.19´ 10-9 and 1.83´ 10-9 m2s-1.

Mass transfer coeçcient:

The surface polymer can be considered like a inter-
facial ®lm. The ¯ux at the interface of the ®lm is
calculated according to the equation:

N

film
j =

D

film
j

e

film C

d, film
j - C

c, film
j( ) (5)

in which C

d, film
j is the surface concentration close to the

droplet and C

c, film
j is the concentration close to the

continuous phase. It is assumed that at the interfaces
droplet/polymer and polymer/continuous phase, equili-
brium is reached and that there is no interfacial
resistance to mass transfer. The equation relates the
concentrations on each side of the interfaces :

C

d, film
j = j1

j C
d
j (

Rg) (6)

C

c, film
j = j2

j C
¥
j (7)

where j1
j and j2

j are respectively the equilibrium ratios
between the dispersed phase/emulsi®er and emulsi®er/
continuous phase. So equation (5) can be written :

N

film
j = kj C

d
j - m

j
C

¥
j( ) (8)

where kj and m

j are respectively equal to

D

film
j

e

filmj1
j

and
j2

j

j1
j

.

N

film
j = N

d
j = N

c
j (9)

kj and m

j have been calculated from experimental
transfer curves giving the concentration of acetone in the
continuous phase versus time. Theoperating conditions of
these experiments are given in Appendix 2. The transfer
curves were presented in a previous work8. For the
calculations, the following assumptions have been made:.the volume of the dispersed phase, the volume of the
continuous phase and the number of droplets are
constant with time and the additivity of components
volume is used..the mean diameter of the size distribution is constant
during the transfer and is equal to the mean volume
diameter of the ®nal grains.

The results are reported in Tables 1, 2 and 3.
Mass transfer coeçcients of acetone and water

increase when the mass of ratio of acetone/water
increases. The increase of these ratios is linked with the
volume ratio of dispersed phase in the crystallizer; so the
thickness of the emulsi®er ®lm at the surface of
the droplets decreases when the acetone/water ratio
increases. This decrease of thickness explains the
increases of mass transfer coeçcients ka and kw.
However, the mass transfer coeçcients do not depend
on the initial concentration of ketoprofen into the
droplets.

Penetration of water into the droplets:
The mass transfer of water in a droplet, diameter equal

to 200lm, is here considered. This droplet contains a
mixture of acetone and ketoprofen saturated at 50°C.
The temperature of the droplet is assumed constant and
equal to 20°C. Assuming constant q and Dwm, the
continuity equation for water becomes:

¶CW

¶t

+ (
v ~CW) = Dwm~2

Cw + Rw (10)

If there areno chemical changesoccurring, Rwis zero. If,



in addition, v is equal to zero, then:

¶Cw

¶t

= Dwm
¶2

Cw

¶r

2 +
2
r

¶Cw

¶r

( ) (11)

The integration of equation (11) leads to the following
relation giving the water concentration, Cw, inside the
droplets as a function of the droplet radius and time:

(
CW(

r

,
t

) - C

int
W )

r =2(CW(
r

, 0) - C

int
W )

Rg

p

S
¥

n=1

(-1)n

n

exp -
n

2p2

R

2
g

Dwmt( )
sin ( npr

Rg
) (12)

with the following initial and boundary conditions:

t = 0 0 £ r < Rg Cw(r, 0) = 0 (13)

t > 0 r = 0 ( ¶Cw(0,
t

)

¶r

) = 0 (14)

t > 0 r = Rg Cw(Rg, t

) = C

int
w m

w
C

c
w

= 38889molm-3 (15)

Figures 2 and 3 present respectively the water
concentration inside the droplet and relative super-
saturation, r, as a function of the droplet radius for

di�erent times. The relative supersaturation has been
calculated at 20°C using a preliminary calculation of the
solubility of ketoprofen in acetone + water mixtures4.
Figure 3 shows that the relative supersaturation
decreases and then increases when the radius increases,
for example after 0.5 second. This variation is caused by
the variation of ketoprofen solubility in a mixture of
acetone + water as a function of the ratio Ra

4. When the
particular ratio is reached, two liquid phases appear and
the curves are interrupted. So, the solid will appear
preferably at the interface.

MASS TRANSFER MODELLING ASSUMPTIONS

According to the previous development, several
assumptions can be drawn:. the heat transfer in a stagnant continuous
phase maintained at a constant temperature is quasi-
instantaneous. The temperature of droplets is equal to

Table 1. m

a and m

w and mass transfer coeçcients in accordancewith ratio acetone-water.

A/E

(kg acetone/ ka ´ 106
kw ´ 107

experiment kg water) d32 (lm) m

a (ms-1) mw (ms- 1)

1 0.026 160 13 8.5 0.7 2.2
2 0.054 192 5.1 22.2 0.8 15.1
3 0.078 319 2.9 41.4 0.8 45.9

Table 2. m

a and m

w and mass transfer coeçcients in accordancewith ratio ketoprofen-acetone.

K/A (kg
ketoprofen / ka ´ 106

kw ´ 107

experiment kg acetone) d32 (lm) ma (ms-1) m

w (ms-1)

1 1.75 160 13 8.5 0.7 2.2
4 1.01 137 22 8.9 0.6 1.4

Table 3. m

a and m

w in accordance with temperature of continuous
phase, T 2.

T 2
experiment (°C) m

a
m

w

5 10.4 17 0.7
1 20.1 13 0.7
6 48.9 8 1 Figure 2. Pro®le of water concentration into a droplet with a

diameter equal to 200lm at 20°C in accordance with time
(Dwm = 1.83´ 10-9m2s-1, Cw(

Rg, t

) = 38889 molm- 3).



the temperatureof the continuous phase in less than 10-3

second..A limiting size, 450lm, has been de®ned from the
terminal velocity. Since the mass transfer has a limiting
e�ect, this is the only transport process considered in the
modelling of the droplets.

Two models havebeen developed. The®rst model (size
of droplets > 450lm), called the h̀omogeneous droplet
model’, considers that internal circulations tend to
homogenize the concentrations of the di�erent compo-
nents in the droplets. The second model (valid for
droplets < 450lm), called the r̀igid droplet model’,
assumes that internal circulations are negligible inside
the droplets.

The assumptions of these two model are set out in
Table 4.

At the interface, the ¯uxes of acetone and water are
calculated from equations (8) and (9). The ¯ux of
ketoprofen is assumed equal to zero. The initial
compositions into the droplet and in the continuous
phase are homogeneous.

The two models are divided into two parts. In the ®rst
step, the droplet remains liquid as long as the mass ratio

Ra is higher than the particular ratio Ra,2. Only mass
transfer modi®es the concentration or mass fraction into
the droplets during the time interval dt. In the second
step (Ra < Ra,2), two phases appears in the droplet and
ketoprofen crystallizes.

In the h̀omogeneous droplet model’, the solid appears
in all volumes of the droplet. Knowing the saturated
concentration for a ratio Ra (ternarydiagram), themass of
ketoprofen that has to crystallize to reach the equilibrium
of the system inside the droplet can be estimated. If the
solution into the droplet is undersaturated, the crystallized
ketoprofen is redissolved in order to maintain the
equilibrium. When the ratio Ra is lower than Ra,1, the
organic liquid phase (acetone + ketoprofen) disappears
into the droplet and then the mass ūxes of acetone and
water are equal to zero.

In the r̀igid droplet model’, the droplets are divided
into di�erent concentric layers. Equations of mass
transfer have been written in each layer and in the
continuous phase. The solution of theequations hasbeen
obtained in the case of droplets with variable radius.
When ketoprofen crystallizes near to the interface, the
interfacial ¯uxes of acetone and water are equal to zero.
So the grain volume is constant.

MASS TRANSFER MODELLING IN
HOMOGENEOUS DROPLETS

Equations

Ketoprofen remains in droplets. So, the variations of
ketoprofen moles dissolved are equal to the variations
of ketoprofen moles crystallized in the droplets.

dn

d
k

dt

= -
dn

d,s
k

dt

(16)

The balances on acetone and water are expressed by
the following equations:

dn

¥
a

dt = -ng

dn

d
a

dt

(17)

dn

¥
w

dt

= -ng

dn

d
w

dt

(18)

where ng is the number of droplets in the crystallizer.

Figure 3. Pro®le of relative supersaturation into a droplet with a
diameter equal to 200lm at 20°C in accordance with time
(
Dwm = 1.83´ 10- 9m2s-1, Cw(

Rg, t

) = 38889molm-3).

Table 4. Assumptionsof homogeneousand rigid models.

Assumptionsof homogeneousmodel Assumptionsof rigid model

* The continuousphase is homogeneous.
* The droplet temperature is constant and equal to the temperature of the continuousphase.
* The droplets are spherical.
* The number of droplets is constant.
* The total volume occupied by the system is constant and equal to the sum of component volumes.
* The ketoprofen stays in the droplets.
* Crystallization inside the droplets has been taken into account by a consumption of drug from equilibriumdata5.

* The dispersed phase is homogeneous. * The dispersed phase is stagnant. The concentrationsof di�erent
* The size of droplets are greater than 450lm and constant. components depend on the radius.
* The solid appears instantaneouslyin the droplets, at initial time. * The size of droplets is smaller than 450lm.
* When two liquid phases appear in the droplet, the transfer between * When two liquid phasesappear in the layer at the interface, the solid
the droplets and the continuousphase is made between the organic appears in this layer.
phase contained into the droplets and the continuousphase. The
transfer stops when the organic phase in the droplets runs out.



The changes of acetone and water moles are related to
molar ¯uxes of acetone and water at the interface
droplet-continuous phase by the relations:

dn

d
a

dt

= -Sg2(t)Na(t) (19)

dn

d
w

dt

= -Sg2(t)Nw(t) (20)

where Sg is the external surface of a droplet and 2the
porosity. The porosity is de®ned as the ratio between the
organic liquid phase (acetone+ ketoprofen) volume and
the total volume of the droplets.

The acetone concentration in the dispersed phase
depends on the number and the nature of phases in the
droplets. The de®nition of this concentration is a
function of ratio Ra:.if Ra(t) > Ra,2, then a solid-liquid equilibrium with a
high percentage of acetone is obtained:

C

d,org
a = n

d
a

2(t)V d
(21)

.if Ra,1 < Ra(t) < Ra,2, then a liquid-liquid-solid equili-
brium is reached:

C

d,org
a =

q2wa,2

Ma

(22)

. if Ra(t) < Ra,1, then a solid-liquid with a low
percentage of acetone is created:

C

d,org
a = 0 (23)

The acetone concentration in the continuous phase is
calculated by the following relation :

C

¥
a = n

¥
a

V

c
(24)

Thesizeof droplets remains constant during theprocess,
so the sum of volume ūxes at the interface is zero:

Nw(t) = -Na(t)
vw

ve

(25)

where va and vw are respectively the molal volumes of
acetone and water.

Crystallization:

Another equation enables us to take into account the
crystallization in order to follow the porosity of
agglomerates during the transfer:

n

s
k(t) = n

d
k(0) - n

d
k(t) (26)

In the case of solid-liquid equilibium, the number of
acetone moles at any moment is :

n

d
k(t) = w

*
kq

m
Vd(t)

Mk

(27)

Moreover, if the liquid phase appears, the number of
ketoprofen moles at equilibrium is given by:

n

d
k(t) = m1wk,1 + m2wk,2 (28)

The number of acetone and ketoprofen moles in the
continuous phase are equal to zero and the droplets do
not contain water.

t = 0 n

¥
a = 0 (29)

n

¥
k = 0 (30)

2= 0 (31)

n

d
e = 0 (32)

Resolution Method

Concentration, volumes and porosity are estimated by
®nite di�erence of ®rst order at any moment. The
number of created droplets as a function of initial
continuous phase temperature T 2, initial dispersed
phase temperature T1, and initial masses of acetone,
water and ketoprofen, is evaluated assuming the
additivity of the di�erent components volumes.

The sharp variation of droplet temperature
(T1 ® T 2) leads to a variation of the dispersed phase
density. Assuming the number of droplets is constant,
the new volume of droplets is recalculated at the
temperature T 2. The temperature of the continuous
phase determines the value of the particular ratios Ra,1

and Ra,2.
The resolution permits us to follow the liquid volume

fraction (liquid phase volume/total volume of the
droplets) and the mass fraction of acetone in the
continuous phase with time.

Results

Figure 4 shows the evolution of the acetone mass
fraction in the continuous phase for experiments 2 and 3.
The operating conditions of these experiments are
reported in Appendix 2. The experimental data appear
on this ®gure. The results seem reasonably good.

In¯uence of temperature T2:

The in¯uence of temperature on the shrinkage of
Figure4. Mass fractionof acetonein the continuousphase:comparison
between the experimental and calculated results for experiments 2 and 3.



droplet at initial time has been studied. Table 5 shows
the results for initial ratios equal to 0.054 kg acetone/kg
water and 1.92 kg ketoprofen/kg acetone. The initial
temperature of droplets is 50°C and the initial diameter
550lm. The shrinkage induced by the di�erence of
temperature is weak: in the range of 3 to 10%.

Figure 5 presents the in¯uence of temperature on the
evolution of mass fraction of acetone in the continuous
phase. The quantity of acetone transferring into the
continuous phase increases as temperature T2 increases
because the ratios of the equilibrium ratio m

a and m

w

decrease when the temperature increases. So, it seems
interesting to carry out the process at high temperature.
In Figure 6, porosity is reported as a function of
temperature T2. These results do not take into account
induction time. Actually, the crystallization of solid can
be delayed. The crystallization can be looked upon as
instantaneous at 10, 20 and 30°C. In additions the
porosity increases and then decreases with time. This
initial increase is caused by a partial redissolving of the
ketoprofen when the water enters the droplets. Indeed,
the solubility of ketoprofen in acetone+ water mixture
increases when the acetone + water ratio (Ra) decreases
for ratios higher than 0.9kg acetone/kg water4. At 50oC,
the solid crystallizes after two seconds and the porosity
decreases rapidly to 0.442. As the droplets remain liquid
for two seconds at 50oC, the droplets can coalesce in the
crystallizer.

MASS TRANSFER MODELLING IN RIGID
DROPLETS

Equations

Liquid-liquid system

The continuity equation for the component i is given
by the following relation:

¶Cj

¶t

+ ~®
Nj = 0 j = a

,
w and k

(33)

The mass ¯ux relative to stationary coordinates,
assuming constant C and Djm, between the centre of
the droplet and the interface, is :

®
N j = -CjDj~wj + Cj

®
vi (34)

At the interface of the droplet, the ¯ux is written:

®
N j = -CjDjm~wj + Cj(®vi - ®

vs) (35)

where ®
vs is the velocity of the moving surface.

The balance gives the relation to evaluate the
concentrations of acetone and water in the continuous

phase:

¶C

¥
a (

t

)

¶t

= 1
Vc

( ngSg

.
Na(Rg) - C

¥
a

¶Vc

¶t

) (36)

¶C

¥
w (

t

)

¶t

= 1
Vc

( ngSg

.
Nw(Rg) - C

¥
w

¶Vc

¶t

) (37)

The boundary conditions are :

at r = 0 ¶Cj

¶r

= 0 j = a

,
w and k

(38)

Liquid-solid system:

The crystallization of solid begins in the layer nearest
the interfacebecause this corresponds to the layer having
the lowest ratio Ra. Additional assumptions are:.Ketoprofen crystallizes instantaneously in the droplet..A non porous crust is created in order that the system is
in equilibrium..After drying, a second crust is formed.

Table 5. Shrinkageof droplet as a function of the continuousphase.
.

T (°C) dg after shrinkage(lm)

50 550
0 540
20 536
10.1 534

Figure5. In ūenceof temperatureT 2 on theevolutionofmass fraction
in the continuousphase for a droplet with an initial diameter equal to
550lm.

Figure6. In ūenceof temperatureT 2 on theporosityfor a droplet with
an initial diameter equal to 550lm.



The thickness of these crusts are respectively ec1 and ec2.
This model gives the thickness of the ®nal crust.

Resolution

Liquid-liquid system:

This is a moving boundary problem, so a Lagrangian
coordinate has been chosen noted n9,10. With this
coordinate, the continuity equations are written:
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where Xa and Xw are respectively the ratios between the
mass fractions of acetone and ketoprofen and the ratio
between the mass fractions of water and ketoprofen. The
corresponding boundary conditions are:

¶Xa

¶n( )
n=0

= 0 (41)

¶Xw

¶n( )
n=0

= 0 (42)

The corresponding interfacial ¯uxes can be written :

Ja = ka(Ca
d(Rg) - m

a
C

a
¥) + xaJw

(1 - xa(Rg))( ) (43)

Jw = kw(Cw
d (

Rg) - m

w
C

w
¥) + xwJa

(1 - xw(Rg))( ) (44)

The number of droplets created is calculated by the
method used in the ®rst model assuming the additivity of
di�erent component volumes. The droplets is divided
into 50 layers. The di�erential second order terms with
respect to space have been approximated by ®nite
di�erences (2nd order). Derivatives with respect to time
have been integrated by the Runge Kutta Merson
method (4th order). The numerical resolution permits
us to evaluate the radius of the droplet when the ratio Ra
is lower than R

2
a, the mass fraction of acetone in the

continuous phase and the mass fractions of di�erent
components into the droplet as functions of time and
radius.

Liquid-solid system:

Knowing the di�erent concentrations of components
in the droplet as a function of the radius, the mass (and
then the volume) of ketoprofen that crystallizes has been
calculated in order to bring the system in the droplet to
equilibrium. This volume permits evaluation of the
thickness of the ®rst crust formed. After drying, the

thickness of the second crust is estimated by assuming
that all solvants (acetone and water) are evaporated and
that all solid crystallizes into the grains in order to grow
the ®rst crust.

The resolution allows one to follow the radius and
the mass fraction of acetone in the continuous phase
with time.

Results

Calculations have been made with droplets having a
diameter to 200lm. The initial mass ratios, ketoprofen/
acetone and acetone/water are respectively 1.88kg
ketoprofen/kg acetone and to 0.024kg acetone/kg water.

Evolution of acetone mass fraction in the continuous
phase obtained at 20°C is reported in Figure 7. The
trends of the calculated (

m

a = 13) and experimental
curvesare similar. The results obtained with (

m

a = 5) are
also presented. The ratio m

a in¯uences the simulation
and the assumptions made to calculate m

a may explain
this in¯uence. The concentration inside the droplet is
taken to be homogeneous and similar in the whole volume
of the droplet. But the presence of the crust modi®es this
concentration and this ratio. The discontinuity observed
on the curve corresponding to m

a equal to 5, is caused by
the stopping of transfers and crystallization.

In¯uence of temperature T2:

The temperature of the continuous phase has an
in¯uence on the thickness of the crust before and after
drying. In Table 6, the results concerning this in¯uence
are reported. The thickness of the ®rst crust increases as
the temperature decreases. This results from the decrease
of ketoprofen solubility when temperature decreases.
Figures 8 and 9 show respectively the acetone weight
fraction in the continuous phase and the droplet radius
as a function of time and temperature T 2. When T 2
increases, the droplet radius decreasesfaster. As the ratio
m

a decreases when T 2 increases (Table 3), the mass of
transfered acetone is higher at 50°C than at 10°C. So, the
droplet radius decreases more rapidly at 50°C than at
10°C, m

w remaining quasi-constant. As the initial mass

Figure7. Mass fractionof acetonein thecontinuousphase:comparison
between the experimental and calculated data for a droplet with an
initial diameter equal to 200lm, for two ratios m

a.



of ketoprofen within the droplets is the same at 10 and
50°C, with an identical initial radius, the thickness of the
crust formed by drying will be higher at 50°C than at
10°C because the ®nal radius is smaller.

CONCLUSION

The di�erent phenomena (heat transfer, mass transfer
and hydrodynamics) occurring in the quasi-emulsion
processhavebeen studied in order to control the size and
the internal structure of grains formed. Prediction of the
internal structuresof grains which havebeen obtained by
the quasi-emulsion process depends on the initial size of
droplets formed.

Initial study of these distinct phenomena has shown
that mass transfer has a controlling e�ect. Heat
transfer in a stagnant continuous phase maintained
at a constant temperature is almost instantaneous and
the internal droplet circulation in¯uences the ®nal
internal structure. This study has permitted us to
deduce from the terminal velocity a limiting size equal
to 450lm. It has then been assumed that internal
circulation hardly occurs in the droplets being
initially smaller than this limiting size. From this
limiting size, two boundary cases have been modelled
according to the initial size of the droplet:.droplets with homogeneous concentrations leading to
spherical grains with a full internal structure: the
homogeneous droplet model. rigid droplets leading to spherical grains with crusts:
the rigid droplet model.

These two models lead to the creation of super-
saturation rates in the droplets and allow the study of the
in¯uence of continuous phase temperature on the
transfer of solvents.

For a given initial size, the homogeneous droplet
model leads to the calculation of the variation of grain
porosity with time, whereas the rigid droplet model
enables us to predict the ®nal radius and the ®nal
thickness of a non porous crust.

Control of the initial size of the droplets may allow the
control of the ®nal size, and of the internal structure of
grains, and, knowing the equilibrium states, the scale-up
of the process.

APPENDIX 1

DiŒusion coeçcient of acetone in acetone+ ketoprofen

mixture, Dam :
The di�usion coeçcient at in®nite dilution D

¥
ka

has been
calculated by the Reddy and Doraiswamy equation. The
molar volumes to thenormal boilingpoint areobtained by
theadditivityoftheLebasmolarvolumeofatomsor groups
of atoms11. They are equal to 74´ 10-6 m3mol-1 and
320´ 10-6m3mol-1respectively. The value of the di�usion
coeçcient is 2.49´ 10-9 m2s-1 at 20°C. The di�usion
coeçcient of ketoprofen in the binary system
(acetone+ ketoprofen) has been calculated from the
empiric Gordon equation established in the case of an
electrolytic solution11. This equation hasbeen transformed

Table 6 : In¯uence of droplet temperatureT1 on the thicknessesof the two crusts, with an initial radius equal to 100lm.

Temperatureof Radius before Thickness of the crust Thickness of the crust
droplet, T1 (°C) crystallization (lm) before drying, ec1 (lm) after drying, ec2 (lm)

10 99.4 14.8 24.8
20 94.1 14.9 29.5
30 93.6 12.6 29.9
50 91.7 8.2 31.8

Figure8. In ūenceof temperatureT 2 on theevolutionofmass fraction
in the continuousphase for a droplet with an initial diameter equal to
200lm.

Figure9. In ūenceof temperatureT 2 on theevolutionof a radiusfor a
droplet with an initial diameter equal to 200lm.



into the following equation:

Dka = D

¥
ka

lsolv

l

V

nsolvVsolv

1 + xk
¶lnck

¶xk
( ) (A1)

The volume of solution, V, is calculated by assuming
the additivity of acetone and ketoprofen volumes.

This equation needs the viscosity of
acetone + ketoprofen mixtures as a function of the
concentration of ketoprofen in the mixture and the
temperature. The viscosities of these solutions with
concentrations lower then 0.653kg ketoprofen/kg solution
have been measured from terminal velocity of a falling
sphere12 at 20°C. The data have been correlated by the
following equation :

lak(Pas) = 0.46´ 10(-3+3.38w

2
k
) (A2)

with a coeçcient of correlation equal to 0.98.
When the weight fraction of ketoprofen tends toward

1, the viscosity of solution tends toward 1.1 Pa s.
The activity coeçcient of ketoprofen in

acetone+ ketoprofen solution is calculated by the
UNIQUAC model4. The derivative of this coeçcient,
¶lnck

¶xk
, is evaluated by ®nite di�erences of 2nd order. The

value of ¶lnc

¶xk
, corresponding to a concentration of

0.651kg ketoprofen/kg solution is 1.108. The calculated
di�usion coeçcient is 1.9´ 10-10 m2s-1.

DiŒusion coeçcient of water in acetone + ketoprofen

mixture, Dem :
This di�usion coeçcient has been calculated for dilute

mixtures of acetone + ketoprofen (
xw ® 0) from the

di�usion coeçcients of water in acetone and water in
ketoprofen at in®nite dilution. The ®rst coeçcient has
been valued at 5.28 ´ 10-9 m2s-1 for a temperatureequal
to 20°C by the Reddy and Doraiswamy equation. The
second coeçcient is calculated from the modi®ed
equation for electrolytic solution at the same tempera-
ture. The viscosity of solution, i.e. solution
water + ketoprofen concentrated with ketoprofen, has
been assumed equal to 1.1Pa s and the di�usion
coeçcient of ketoprofen in water, calculated by the
Reddy and Doraiswamy equation is equal to 7.4´ 10-10

m2s-1 when the molar fraction of ketoprofen tends
towards 1. The di�usion coeçcient of water in
acetone + ketoprofen at 20°C is estimated to
1.83´ 10-9 m2s-1. The activity coeçcient and the
derivative of this coeçcient have calculated by the
same method used for the di�usion coeçcient of acetone
in acetone+ ketoprofen mixture.

NOMENCLATURE
c

m
p heat capacityof mixture, J mol-1°C-1

Ci molar concentrationof species i, mole m- 3 or kg m-3

dg diameter of droplet, m
Dij di�usion coeçcient of component i in component j, m2 s-1

Dij
¥ di�usion coeçcient of component i in component j at in®nite

dilution, m2s- 1

ec1 thicknessof ®rst crust, m
ec2 thicknessof ®rst crust, m
e

®lm thicknessof the emulsi®er layer, m
g gravitationalacceleration,m2s-1

kj mass transfer coeçcient, m s-1

m

j ratio between the equlibriumratio, j1
j and j2

j

m1 weight of aqueousphase in the liquid-liquid equilibrium, kg
m2 weight of organic phase in the liquid-liquid equilibrium, kg
M molecular weight, kg mole-1

n mole number
ng number of droplets
Ni ¯uxof species i in a stationarycoordinateframeof reference,kg

m-2s- 1 or mole m-2s-1

r radius coordinate, m
Ra acetone mass ratio in acetone+ water mixture, kg acetone/kg

acetone+ water
Ra,1 particular ratio, kg acetone/kg acetone+ water
Ra,2 particular ratio, kg acetone/kg acetone+ water
Rg radius of droplet, m
Ri rate of production or consumptionof i due to crystallizationin

the droplet, mole m-3s-1

Sg surfaceof droplet, m2

t time, s
T temperature, °C or K
T1 initial temperatureof organic solution, °C or K
T2 initial temperatureof aqueous solution, °C or K
U

¥ terminal velocity, m s-1

v molal volume, m3mole- 1

V volume, m3

x i molar fraction of component i

wi weight fraction of component i

Greek letters

am thermal di�usivity of acetone+ ketoprofen mixture, m2s-1dT
thermal penetration distance, m

Dq di�erence between the density of mixture acetone+ ketoprofen
and the density of aqueousphase, kgm3

2 porosity
c i activity coeçcient of component i

j ratio between the viscosityof the droplet (acetone+ ketoprofen
mixture) and the viscosityof the aqueousphase

j1
j equilibriumratios between the dispersed phase and the

emulsi®er
j2

j equilibriumratios between the emulsi®er and the continuous
phase

l viscosity, Pa s
q density of acetone+ ketoprofen mixture, kgm-3

qm density of acetone+ ketoprofen mixture, kgm-3

r relative supersaturation

( = Ci - C

*
i

C

*
i

)
n Lagrangian coordinate

APPENDIX 2
Operating conditionsof experiments

Wk We ´ 106
Ra Puissance dissipeÂe

(kg ketoprofen (kg emulsi®er (kg acetone DT vc ´ 106
N P

*
s ´ 102

experiment /kg acetone) /kg water) /kg water) (°C) (m3/s) (rpm) (W/kg suspension)

1 1.73 223 0.026 29.4 1.3 516 8.7
2 1.94 225 0.054 27.1 3.0 450 7.3
3 1.92 225 0.078 27.7 2.7 416 8.7
4 1.01 239 0.028 27.7 3.5 516 8.9
5 1.88 227 0.024 38.4 2.2 516 8.7
6 1.96 161 0.023 0.9 1.5 516 8.7



Subscripts

aq aqueous phase in the liquid-liquid equilibrium
c continuousphase
d dipersed phase
®lm layer of emulsi®er
m mixture
org organic phase in the liquid-liquid equilibrium
s solid
solv : solvent
¥ continuousphase
* this symbol characterizes the equilibrium
1 aqueous phase in the liquid-liquid equilibrium
2 organic phase in the liquid-liquid equilibrium

Superscripts

a acetone
k ketoprofen
w water
0 initial
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