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Is spherical crystallization without additives possible?

S. Teychené*, N. Sicre, B. Biscans

Université de Toulouse, Laboratoire de Génie Chimique, —- UMR CNRS 5503, 5 rue Paulin Talabot BP1301, 31106 Toulouse, France

ABSTRACT

The quasi-emulsion solvent diffusion method of spherical crystallization consists in producing in one step crystal-
lization and agglomeration of small crystals in droplets of an emulsion. Additives are generally used to stabilize
the emulsion before crystallization. The aim of this study is to investigate the feasibility of spherical crystallization
without surfactant. Experiments were performed in an automated batch laboratory scale crystallization process to
study the influence of the process operating conditions on the structure of the particles obtained. The results clearly
show that, for the experiments performed two types of particles are formed: primary spherical particles and sec-
ondary agglomerates. The pattern of the primary particles, observed under scanning electron microscopy, suggests
that these particles results from a spherulitic crystal growth mechanism inside the droplet. The secondary agglom-
erates results of the agglomeration of the spherical particles. In addition, a set of experiments were performed with
carefully selected solvents to study the influence of the crystallization solution/water interfacial tension, at con-
stant hydrodynamic conditions and supersaturation level. The results of these experiments demonstrate that the
interfacial tension is not a key parameter for designing such a process.

Keywords: Spherical crystallization; Interfacial tension; Quasi-emulsion; Agglomeration; Liquid-liquid dispersion;

Spherulitic crystal growth

1. Introduction

Crystallization from solution is a core technology in phar-
maceutical industries. Usually, this process is a part of a
wide processing system, including solid-liquid separation,
particle design, formulation. As the generation step, the crys-
tallization process determines the powder handling properties
(shape, size distribution, purity, etc.). These properties affect
the downstream processing. After crystallization, filtration
and drying steps, the crystalline product is formulated to
obtain tablets, which are the most common drug preparation.
However, most of the API powders, obtained by a classical crys-
tallization process, have poor physical properties that prevent
direct tableting. To overcome these problems, a wet granula-
tion step is added in the API solid chain production (indirect
tableting). Direct tableting of API crystalline powder should
enable to reduce cost and delay in the development of a phar-
maceutical product. Direct tableting needs powders that excel
in bioavailability, bindability, and mechanical strength.
Among the methods allowing to improve the physi-
cal properties of a crystalline powder, Kawashima et al.
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(Kawashima and Capes, 1976, 1974; Kawashima et al., 1995,
2003; Kawashima and Takenaka, 1986) suggest to perform
size enlargement and crystallization processes in one step.
The crystals are generated and confined inside supersaturated
droplets of an emulsion to form spherical particles. The pos-
sibility of forming large spherical particles directly inside the
crystallizer presents many advantages for the powder process-
ing.

The quasi-emulsion spherical crystallization process is one
of the most efficient methods for performing crystallization
and particles size enlargement in one step. However, this pro-
cess presents two main difficulties in stirred reactor. The first
one is to find the right operating conditions to form and to sta-
bilize spherical and monodispersed droplets. The second one
is to control the coexistence of solid particles and droplets to
avoid coalescence and agglomeration of particles. In such a
process, the structure of the final particles directly depends
on the physico-chemistry properties of the compounds used
and on hydrodynamics of the crystallizer.

Today the addition of small amounts of surfactants or poly-
mers is the method usually applied to obtain the best spherical



particles. Surfactants or polymers can decrease the interfacial
tension between fluids, change the viscosity of phases and so
influence the droplets sphericity and emulsion stability.

The classical process of quasi-emulsion crystallization
consists in three steps: first the creation of an emulsion
with a short lifetime, then an increase of supersaturation
inside the droplets due to heat and mass transfer and finally,
nucleation, growth and agglomeration of crystals inside the
droplets. In this process, the continuous phase (generally
aqueous phase) is formulated with a polymer (Mowiol, PVA,
PEG), which avoids, by steric effect, secondary agglomera-
tion. In literature, the quasi-emulsion spherical crystallization
of ketoprofen was performed with mowiol 8-88 (Espitalier et
al., 1997a,b,c). For ibuprofen crystallization Kachrimanis et al.
(1998, 2000) described crystallization with Eudragit S100 by the
solvent-change method.

Because surfactants are sometimes prohibited for tox-
icological reasons, the objective of this work is to study
quasi-emulsion spherical crystallization without additive.
When this process is performed without polymer or sur-
factant, agglomeration of the spherical particles previously
formed and droplet coalescence may occur. In this paper,
experiments have been designed to study, for a given mean
droplet size, the influence of the process parameters (mixing
and injected phase volume fraction) and the physico-chemical
properties of the liquid phases (interfacial tension) on the mor-
phologies of the obtained agglomerates.

2. Materials and methods
2.1. Materials

Organic solvents ethyl acetate, n-butyl acetate, methylethyl
ketone (butan-2-one, MEK) and polyvinylacetate (PVA) were
purchased from VWR (purity of 99.5%). The solvents were
used without further purification. Double distilled water was
processed through a Barnstead EASYpure UVsystem and was
used as the continuous phase. The water resistivity was
greater than 18 MQ cm. Ibuprofen (C13H1302) or (R)-(S)[2-(4-
isobutylphenyl)propionic acid] was supplied by BASF.

Ibuprofen crystals belong to the space P21/c (monoclinic
system). The melting point of this colorless, crystalline mate-
rial is commonly quoted as 75-77° C (MacConnel, 1974).
Molecular structure of ibuprofen is given in Fig. 1.

The physico-chemical properties of the solvents used in
this study are given in Table 1 at 25°C.

2.2. Spherical crystallization experiments
2.2.1. Experimental setup

The experimental device, shown in Fig. 2 is composed of two
elements: a pressurized reactor (for the dissolution of the API
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Fig. 1 - Ibuprofen molecular structure.

and the injection of the supersaturated solution) and a 2L crys-
tallizer.

The 500 ml-pressurized reactor is a double-jacketed steel
reactor. A marine propeller is used to mix the suspension.
The reactor and the pouring device are thermally controlled
with a precision of £0.1°C. Injection of the saturated solution,
from the dissolution vessel to the crystallizer, is performed by
pressurization of the reactor. The pressure in the reactor is
controlled to ensure a constant flow rate through the injector.
The injector was a capillary tube (Dext = 1.6 mm, Dy = 1 mm)
and was positioned 0.5cm above the impeller of the crystal-
lizer.

Crystallization was performed in a round-bottomed
double-jacketed glass reactor in a Labmax automated system
(Mettler Toledo). The crystallizer was equipped with a lid, four
baffles and a Pt-100 resistance thermometer. The precision of
these thermometers is given to be 1/10°C. The crystallizer
was built according to the classical rules of batch crystal-
lizer design (Dreactor = Hiiquia = 14 €, lyggpies = 1.5 cm). Mixingis
ensured by a mixell TT propeller (Dy = 0.6Dyeqctor = 8 cm). The
stirrer was positioned 5cm above the bottom of the reactor
(h = 0.33Dreqgctor = 5cm).

2.2.2. Experimental procedure
For all the crystallization systems studied, the experimental
procedure is the same.

First, to ensure the complete dissolution of ibuprofen and
to avoid clogging of the nozzle, the reactor and the pouring
systems are heated 10° C above the saturation temperature
for 1h.

The solution is then poured in the crystallizer, initially filled
with water at 10°C, with a constant flow rate during 20s. The
suspension is stirred for 15 min. Whatever the operating con-
ditions are, the first crystals appears between 20 and 30s after
the end of the injection.

At the end of the experiment the obtained particles
are recovered by filtration, washed with distilled water
and dried in a ventilated drying chamber at 50° C for
24h.

Experiments were performed to analyze the influence
of stirring rate, volume fraction of dispersed phase, pour-
ing rate and organic phase/water interfacial tension on the
morphology and size distribution of the particle obtained.

Table 1 - Physico-chemical properties of the used solvents at 25 °C.

Solvent p (kgm~3) w (mPas) y (mNm~1) Solubility, w 2

In water Ibuprofen ?
Butan-2-one 805 0.42 1 0.080 0.401 (0.486)
Ethyl acetate 905 0.51 6.8 0.082 0.361 (0.520)
N-butyl acetate 835 0.83 14.5 0.070 0.391 (0.531)
Water 999 1 - 1.16 x 10-°

@ Mass fraction solubility from Cano et al. (2001), Garzén and Martinez (2004), and Gracin and Rasmuson (2002).

b Solubilities of ibuprofen at 40° C are given in parenthesis.
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Fig. 2 - Spherical crystallization process experimental setup.

Table 2 - Process operating conditions of spherical crystallization.

Exp no. ¢ Qc (mls™?) N (rpm) Pe® (mWkg?) M;(g) Solvent Additive
1 2% 1.66 50 1 21.5 =
2 2% 1.66 100 7 221 =
3 2% 1.66 200 157 21.3 -
4 2% 1.66 450 650 21.7 Ethyl acet. =
5 5% 4.21 50 1 55.7 =
6 5% 4.21 200 157 55.4 =
7 2% 1.66 200 157 21.7 1% PVA
8 2% 1.66 200 157 21.5 Butan-2-one =
9 2% 1.66 200 157 21.3 n-Butyl acet. =

a pe = p..,NeTN3Dg.

The operating conditions explored in this study are given in
Table 2.

2.3. Solid phase characterization

The shapes of particles were examined by Scanning Elec-
tron Microscopy (LEO 435VP) operating at 5kV or 10kV and
by reflected light microscopy (Zeiss Axio observer 20x, 50x).
Note that for SEM photographs, the dried agglomerates were
coated with gold for 3-5min under an argon atmosphere in a
gold coating unit prior observation.
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The particle size distribution of the agglomerates was
obtained by sieving through four standard sieves (1.18, 1.4,
1.60 and 2mm). For particles whose diameter is lower than
1.18 mm, a more accurate size distribution is obtained by laser
diffraction particle size analyzer (Malvern Mastersizer 2000).

2.4.  Liquid phase characterization

Interfacial tensions between organic solvents and water were
measured by the dynamic Wilhemy plate method using a GBX
3S tensiometer. Time-dependent changes in the interfacial
tension were detected automatically. The equilibrium inter-
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Fig. 3 - Microphotograph particles obtained in ethyl acetate/water system. (a) Spherical primary particles; (b) secondary

agglomerates.



facial tension was automatically determined when a preset of
standard deviation (0.1 mN/m) was reached. The temperature
of the system was controlled and maintained at 25° C by a
cooling circulating oil bath. The beaker was filled with 70ml
of water saturated with organic solvent. The entire plate was
thenimmersed in the aqueous phase and then 10 ml of organic
solvent was carefully deposited on the surface of the aqueous
phase. By measuring the applied force according to the immer-
sion depth and the dimension of the substrate perimeter, the
contact angle can be calculated using the relationship:

_ F
" Lcos6

@

14

where yis the contact angle, F the measured force, L the wetted
perimeter (40 mm) and 6 the contact angle.

3. Results and discussion

In this work, the influence of the process operating condi-
tions (stirring rate, volume fraction of dispersed phase) and
the influence of the physico-chemical properties of the liquids
(interfacial tension, nature of the crystallization solvents and
additives) on the morphologies of the agglomerates have been
studied. For the whole set of experiments performed (except
for n-butyl acetate), two types of particles were obtained. Rep-
resentative SEM microphotographs of the particles obtained
are given in Fig. 3.

The primary particle (Fig. 3a) results from spherical
crystallization process within each droplet. The secondary
agglomerates (Fig. 3b) results from an agglomeration process
of primary particles. Depending on the operating conditions
and on the nature of the liquid phases used, different propor-
tions of each type of particles are obtained.
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Table 3 - Mean sizes and mass fractions of spherical
primary particles obtained.

Exp no. du (pm) dinitial (M) Wpp
1 775 (+50) 953 0.27
2 940 (+95) 1150 0.15
3 880 (+90) 1080 0.19
4 719 (+60) 885 0.17
5 - - 0
6 - - 0
7 715 (£40) 865 0.39
8 712 (+£20) 861 1
9 - - 0

3.1.  Characterization of the spherical primary
agglomerates

3.1.1. Influence of the process operating conditions

The experimental results in terms of mean particle size, mea-
sured by laser diffraction, and the mass fraction of primary
particles are reported in Table 3. In this table, it can be noticed
that when n-butyl acetate is used as crystallization solvent,
it was impossible to obtain spherical primary particles. In the
vessel the agglomerates are actually spherical but they are soft
and sticky and their structure is lost during the downstream
processes (filtration and drying). In addition, in the range of
operating conditions tested, when no additive is added to the
water phase, it was impossible to obtain only individual spher-
ical particles.

The diameter of the spherical particles directly depends
on the initial droplets diameter which depends on hydro-
dynamics of the crystallizer (mixing and pouring rates) and
on the physico-chemical properties of the liquids. The sizes
of the primary spherical particles, reported in Table 3, are
always lower than the internal capillary diameter which is

Scale bar : 100m
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Fig. 4 - Microphotograph of broken primary particles.
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Fig. 5 - Particle sizes distribution for different stirring rates in ethyl acetate/water system. (a) Experimental size distribution;

(b) interpolated sizes distribution.

due to the shrinking of the droplet during crystallization.
The initial droplet diameter can be roughly calculated, under
the assumption that all ibuprofen crystallizes in the droplet
to form a non-porous particle, by the following relation:
initial = dm /¢i1b/j . Where ¢y = Vipu/Varep is the ibuprofen vol-
ume fraction inside the droplet (deduced from the ibuprofen
solubility). The obtained hypothetical initial droplet diameters

are reported in Table 3.

3.1.2. Morphology of primary spherical particles
In quasi-emulsion crystallization processes, the general
explanation of particle enlargement is nucleation of many
crystals within each organic drop that agglomerate into dense
object. However in our case, the long induction time observed
during the experiments (around 30s) indicates a low nucle-
ation rate which should give a moderate number of crystal
within each droplet. This observation is incompatible with
the agglomeration process generally claimed for the spherical
crystallization process. In addition, whatever the crystalliza-
tion solvent used, the particles obtained present a radiating
pattern, as shown for a broken primary particles in Fig. 4. This
pattern is typical of spherulitic crystal growth. In addition, to
support this mechanism, two “uncrystallized eyes” character-
istic of spherulitic crystal growth can be observed in Fig. 4d.
This mechanism produces space filling spherical poly-
crystalline objects growing from a central seed by radial
non-crystallographic branching (Goldenfeld, 1987). How-
ever, considering the possibility of ibuprofen to induce a
liquid-liquid phase separation (LLPS) before crystal nucleation
(observed under microscope and by He et al., 2007) it is impos-
sible to state that it is droplet (from LLPS) as in the case of
I-glutamic acid (Roelands et al., 2007) or non-crystallographic

(a) ®)

Imm

Scale har :

Scale bar :

16
i W MEK
14 (O Ethyl acetate
- N A A n-Butyl acetate
_'E 12 - A A A
K ]
E 104
= B
g 8
= ]
g 6
= | O O ®) 0O
£ "
2 ,] "
S R R
o
0.0 0.2 0.4 0.6 0.8 1.0

Ibuprofen mass fraction, w,

Fig. 7 - Organic phase/water interfacial tension as a
function of the mass fraction of ibuprofen introduced in the
solvent.

branching of acicular crystals (Beck et al., 2009; Andreassen,
2005) that initiate spherulitic crystal growth of ibuprofen.

3.2.  Influence of the process operating conditions on
the formation of secondary agglomerates

3.2.1.  Influence of the stirring rate

The results obtained in terms of particles size distributions
(PSD) for a stirring rate ranging from 50 to 450rpm (experi-
ments 1-4) are given in Fig. 5 for four sieve apertures.
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Fig. 6 - Microphotograph of secondary agglomerates. (a) 100 rpm; (b) 200 rpm; (c) 450 rpm.
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The size enlargement process in stirred vessel is a complex
mechanism which is a balance between particles agglomera-
tion and breakage. The results, presented in Fig. 5b, show that
when the stirring rate is increased, the PSD is narrower.

As shown in Fig. 6, the structure of the agglomerates
obtained is the same for all the experiments performed. These
particles show a loose structure characteristic of a process lim-
ited only by the meeting probability of particles, and thus by
the collision frequency of particles (similar to the diffusion
limited aggregation mechanism). Indeed ibuprofen is highly
hydrophobic which gives rise to strong attractive interaction
between particles and in order to reduce the free energy of the
system, the hydrophobic particles tend to be in contact with
each other.

In addition, the remaining uncrystallized solution (crystal-
lization solvent and dilute ibuprofen) acts as a binding agent
which covers the particles, and promotes the agglomeration
efficiency. Then, the crystallization of ibuprofen creates solid
bridges between particles.

3.2.2. Influence of the dispersed phase volume fraction

To increase the yield of the crystallization process it seems
reasonable to increase the volume fraction of the introduced
dispersed phase up to the miscibility limit of the organic phase
in the aqueous phase. The experiments nos. 5 and 6 have been
performed by injecting 5% of the organic phase. In the range
of the operating conditions tested, when the concentration
of the organic phase is close to the saturation of the liquid
phase, the particles are soft (gel like structure) and sticky. As
a consequence, during the process, the particles stick to the
impeller and to the crystallizer wall. The gel like structure is
obtained when the mass transfer from the organic phase to
the aqueous phase is too slow (Kawashima et al., 1995; Nocent
et al., 2001). The lifetime of the emulsion is then much higher
which leads to an increase of the coalescence frequency of the
droplets.

3.2.3. Influence of the crystallization solvent

As the agglomeration process is a complex mechanism,
in order to study the influence of the interfacial tension
between the crystallization solvent and water, the crystal-
lization solvents were carefully chosen. The selected solvents
have a significant difference in interfacial tension with water
and have roughly the same physico-chemical properties

(density, viscosity, ibuprofen solubility and miscibility with
water).

3.2.3.1. Interfacial tension measurements. The measured
interfacial tension at the pure organic solvent/water interface
ranged from 0.5 £+ 0.1 for butan-2-one to 13.0 + 0.9 mN/m for
n-butyl acetate. When the measurements were performed
with organic phase containing ibuprofen, the solvent/water
interfacial tension varied with the mass fraction of ibuprofen
introduced. To be sure that the scale of interfacial tension
values is not modified by the addition of the solute, mea-
surements of interfacial tension between water and organic
solvent with different concentrations (up to the solubility)
of ibuprofen were performed. The equilibrium interfacial
tensions values are plotted against the mass fraction of
ibuprofen introduced in Fig. 7.

The results show that for ethyl acetate and n-butyl acetate,
the interfacial tension decreases with increasing the amount
of ibuprofen. On the contrary, for butan-2-one the interfacial
tension increases when increasing the amount of ibuprofen.
The ibuprofen and the organic solvent molecule will com-
pete for the interface based on their interfacial activity. The
contribution of each component of the organic phase in the
interfacial energy will affect the stability of the system. There-
fore, the introduction of ibuprofen in the solvent stabilizes the
organic phase/water system. In the case of MEK, the reverse is
observed. Nevertheless, the interfacial tension scale is main-
tained when ibuprofen is added to the organic solvent, i.e.:

VYMEK/water < VAcet/water < Yn—but/water-

3.2.3.2. Influence of the organic solvent-water interfacial tension
of secondary agglomeration. The reduction in the interfacial
free energy of an emulsion system contributes to the emul-
sion stability. This means that reducing the interfacial energy
between the organic solvent and the water would reduce
droplets coalescence and secondary agglomeration. A set of
experiments was performed with different organic solvents
for the same hydrodynamic conditions (N = 200rpm) and at
constant volume fraction of dispersed phase (¢ =2%). The
results obtained in terms of particles size distribution are pre-
sented in Fig. 8.

As already mentioned, when n-butyl acetate is used as
the crystallization solvent (experiment no. 9), it was impos-
sible to obtain spherical primary particles. In fact, due to the
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Fig. 9 - Microphotograph of particles obtained in water-PVA systems.

high interfacial tension between n-butyl acetate solution and
water, the generated droplets are large and tend to coalesce to
form larger droplet, which is incompatible with the spherical
crystallization process. On the contrary, when butan-2-one is
used as the crystallization solvent (experiment no. 8), the pro-
portion of fully spherical agglomerates obtained is increased
by 200% in comparison to the process using ethyl acetate (cf.
Table 3). As expected, the rate of secondary agglomeration
process is greatly decreased.

In addition, to show that interfacial energy is not the key
parameter for designing such a process, classical spherical
crystallization experiments were performed by adding a poly-
mer to the aqueous phase (experiment no. 7). The water phase
was formulated in a way that the interfacial tension of the
system ethyl acetate/water-PVA (0.1%) was the same as for
the butan-2-one/system. The SEM photographs of the parti-
cles obtained are shown in Fig. 9. This figure and the results of
the mass fraction of primary particles obtained given in Table 3
clearly show that, when a polymeris added to water (i.e. for the
same interfacial tension energy and a slightly increase in the
viscosity of the aqueous phase), the secondary agglomeration
process is totally suppressed by steric effects.

4, Conclusion

The experiments performed in this study allow to reveal
the different mechanisms during a quasi-emulsion spheri-
cal crystallization process without additives. Indeed, whatever
the operating conditions are, two types of agglomerates are
obtained: primary spherical agglomerates whose size is deter-
mined by the capillary diameter, and secondary agglomerates
resulting of the agglomeration of the spherical primary parti-
cles.

On the contrary of what have been observed for other
spherical quasi-emulsion crystallization processes, the results
obtained in this study suggest that the formation of the
primary spherical particles results from spherulitic crystal
growth mechanism and not from a agglomeration of fine crys-
tals in the droplet.

In addition, even if the agglomeration process is a very com-
plex mechanism, thanks to the experiments performed with
different solvents and with polymer, it can be stated that the
interfacial tension is not the key parameter to consider for
designing such a process.

So, the answer to the question: “is spherical crystallization
without additive possible?” is no for ibuprofen (and probably
for other hydrophobic compounds) in the range of operat-
ing conditions tested. It is shown, in this study, that for

totally avoiding agglomeration of primary particles, the aque-
ous phase has to be properly formulated.

Nomenclature

Y interfacial tension (mN/m)

Dibu ibuprofen volume fraction

¢ dispersed phase volume fraction

Pw suspension density (kgm~3)

dinitiq~ initial droplet size (um)

dm primary spherical particles mean size (um)
Dint internal capillary diameter (mm)

Dy propeller diameter (m)

M; injected ibuprofen mass (g)

N stirring rate (rpm)

Ner power number of the propeller

Pe power input (mWkg=1)

Qc pouring rate (mls—?)

v droplet volume (ml)

Wyp primary spherical particles mass fraction
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