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ABSTRACT: In this paper we describe how the spherical crystallization process by
QESD method can be applied to a water-soluble drug, salbutamol sulfate. The type of
solvent, antisolvent, and emulsifier and the concentration of emulsifier to be used for the
production of spherical particles with a size range 80-500 um are determined.
Furthermore, the solvent/antisolvent ratio and the temperature difference between
them (AT) are studied . It was observed that, in the case of salbutamol sulfate, the AT
value has no influence on the formation of spherical particles. A very large metastable
zone of salbutamol sulfate in water could explain this phenomenon. Finally, the
influence of emulsifier concentration and of maturation time on the size of spherical
particles is studied. The results show that these two parameters must be fixed to control
the size of the recovered particles.
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INTRODUCTION

be produced, may be attractive as because it can
lead to significant improvements in the physical

Taking physical properties of powders into con-
sideration from the synthesis stage can optimize
them, facilitate formulation, and reduce costs and
delays in the development of a pharmaceutical
product. In this context, the spherical crystal-
lization process, by which spherical particles can
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properties of materials. Previous studies have
shown improvements in terms of flowability,!
compressibility, and compactibility.>® Formula-
tion experiments have also been carried out to
incorporate additives during the process to modify
the dissolution rate of the drug in aqueous
solution.*

Two spherical crystallization techniques have
been defined and studied in the past: the spherical
agglomeration method® and the quasi-emulsion
solvent diffusion method (QESD). It is the latter
process we study in this work.

The QESD method was first mentioned in
1989,2 and is illustrated in Figure 1. The solvent
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Figure 1. Presentation of spherical crystallization process by QESD method.

phase (drug dissolved in solvent) and the anti-
solvent phase (antisolvent and emulsifier) are
prepared separately and maintained at different
temperatures. The solvent solution is then added
to the antisolvent solution under agitation.
The interactions between drug and solvent
being stronger than the interactions between
solvent and antisolvent, the solvent is dispersed
in the antisolvent and creates a quasi-emulsion.
The formation of this unstable emulsion is
induced by the increase in the interfacial tension
between solvent and antisolvent. However, an
emulsifier needs to be used.® As soon as the
emulsion is formed, the solvent and antisolvent
diffuse in opposite directions. The antisolvent
diffuses into the droplets, reduces the solubility
of the drug, and induces its crystallization
inside the droplets.”® Crystallization is fre-
quently facilitated by maintaining a temperature
difference (AT) between the solvent and antisol-
vent. Then, spherical agglomerates of crystals
are formed, which are typically called spherical
particles.

The aim of the present study was to select a
solvent system for salbutamol sulfate for which
there have been no previous studies. Thus, the
first objective was to select the right solvent,
antisolvent, and, if necessary, emulsifier to obtain
salbutamol sulfate spherical particles. In a second
step, the spherical crystallization process itself
was studied to define what variables influence the
formation of spherical particles. Finally, the
processing variables influencing the particle size
distribution were examined. The tendencies ob-
served in this study must subsequently be con-
firmed using pilot plant equipment, which will be
part of another work.

MATERIALS AND METHODS

Materials

Salbutamol sulfate (GlaxoWellcome) is (RS)-1-
(4-hydroxy-3-hydroxymethylphenylD)-2-(tert-buty-
lamino)ethanol sulfate. The pK, of its phenol
group is 9.4 and the pK, of its amine group is 10.0.
Ethyl acetate (Merck), ethanol (Carlo Erba),
acetone (Merck), Abil EM90 (polysiloxan poly-
alkyl polyether copolymer, Goldschmidt AG),
Lutrol F127 (Poloxamer 407, BASF), diethanola-
mine (BASF), Montane 20 (sorbitan monolaurate,
SEPPIC), ammonium chloride (Merck), ammo-
nium acetate (Prolabo), and ammoniac (Prolabo)
were used. All reagent qualities were of analytical
grade (99.5% minimum).

Methods

To optimize the yield of the process, the selection
criteria of the solvent was a solubility value of
salbutamol sulfate > 0.1 g/g. Different selection
criteria were applied for the antisolvent. It had to
be miscible or partially miscible with solvent in
the proportions used. The solubility of salbutamol
sulfate in antisolvent should be < 100 pg/g at low
temperatures (~5°C) to reduce losses of the drug
at the end of the process. The last two selection
criteria concern the formation of an emulsion
when the saturated solvent is poured into the
antisolvent and the crystallization of the drug into
the droplets of the emulsion.

Salbutamol Sulfate Solubility Studies

The solubility of salbutamol sulfate was studied
in three antisolvents (ethanol, acetone, and ethyl



acetate) at 5°C. For water (solvent), solubilities
were measured at six temperature levels ranging
between 5 and 60°C. Three experiments were
carried out at each temperature.

Suspensions containing excess salbutamol sul-
fate in solvent or antisolvent were continuously
stirred for 48 h at fixed temperature. The
suspensions were then filtered on Acrodisc
0.45 pum filters. In the case of water and ethanol,
the mass of salbutamol sulfate present in a known
mass of filtrate was then determined by drying in
an air oven, at ~40°C, to a constant weight. This
temperature was used to avoid drug degradation
during drying. It was observed that heating the
drug at 50°C in an oven for more than one day
caused the powder to become yellow colored. In
the case of acetone and ethyl acetate, the
salbutamol sulfate recovered was dissolved in a
known volume of water, and the concentration
was measured by ultraviolet (UV) spectrometry at
276nm. The methodology here differs because of
low concentration values in acetone and ethyl
acetate.

Determining the Width of the Metastable Zone

Salbutamol sulfate (46.5 g) and water (150 g) were
introduced in a double-jacket reactor. The solu-
tion was kept under magnetic stirring and heated
at 60°C until dissolution. The solution was then
gradually cooled to 5°C. In parallel, conductivity
was regularly recorded. Two experiments with
different cooling rates (10 and 20°C/h) were
carried out.

Spherical Crystallization Trials

Salbutamol sulfate was dissolved in water at the
desired temperature to form a saturated aqueous
solution. At the same time, the emulsifier (quan-
tity dependent on the type of emulsifier used) was
added to the antisolvent. The antisolvent solution
was maintained at 5°C. When two emulsifiers
were used, one was added to the solvent solution
and the other to the antisolvent solution. The
aqueous solution, while still being stirred, was
then poured with a syringe into the antisolvent
solution (Figure 2). The dispersion was kept
agitated for 30 min, and the solid particles (when
formed) were recovered by filtration, washed with
pure ethyl acetate, and then dried in an oven at
30°C.

The water temperature ranged between 25
and 45°C depending on the temperature differ-
ence studied (AT between 20 and 40°C). The

Water
+ Salbutamol sulfate
| Tenperature T2
Led L]
. 1.° —r—— Anti-solvent
L 00 + Emulsifier

Tenperature T1

Figure 2. Material used for spherical crystallization
trials.

concentration of the salbutamol sulfate in aqu-
eous solution was therefore dependent on the
water temperature and varied between 0.23 and
0.28/g. When the influence of the solvent/anti-
solvent ratio is studied, the water and antisolvent
weights are changed to keep the total weight
constant (100 g).

The agitator type was a marine propeller
(Janke and Kunkel RW10R). The agitation speed
was 510 rpm.

The influence of emulsifier concentration and
of maturation time on the spherical particle size
distribution was studied. The maturation time is
defined as the time that the spherical particles
were kept under stirring after their formation.
Two maturation times were tested: 135 and
30 min. Two emulsifier concentrations were com-
pared: 0.2 and 1.0%.

Median particle diameter and span values were
determined by laser diffraction (Malvern Multi-
sizer type S 300 RF; size range, 0.05—-900 um).
The dispersing solvent was isooctane.

The shape and texture of the particles were
observed by scanning electron microscopy (SEM)
under vacuum (Hitachi S3200N).

RESULTS AND DISCUSSION

Definition of the Solvent System
for QESD Method

Solubility Studies

Stability studies of salbutamol sulfate in water
showed that no chemical degradation of salbuta-
mol sulfate occurred in aqueous solution for 16 h
at temperatures < 60°C. Accordingly, the solvent
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Figure 3. Solubility of salbutamol sulfate in water
versus temperature.

solution can be heated at these temperatures
during solubility studies and spherical crystal-
lization experiments.

The results of solubility determination in water
are illustrated in Figure 3. The solubility values
showed reproducibility from ~1 to 9% around
the mean value. The 9% value was obtained for
the 5°C trial. The fact that filtration was carried
out at ambient temperature could explain this
high value. The solubility (S, g/g) increased
linearly with the temperature (T, °C) according
to the following equation:

S = 0.00227 + 0.1828 (1)

Trials to increase salbutamol sulfate solubility
by using solvents different from water (e.g., a
buffer solution with a pH value that increases the
ionization level of the molecule) were unfruitful.
Water was therefore finally chosen as the appro-
priate drug solvent for our study.

The results of solubility determination in the
three potential antisolvents are given in Table 1.
The high coefficients of variation can be explained
by the very low solubility values obtained, notably
in acetone and ethyl acetate. It appears that

Table 1. Solubility of Salbutamol Sulfate in
Potential Antisolvents at 5°C
Ethyl
Parameter Ethanol Acetone acetate
Solubility at 5°C 754.2 37.3 5.9
(ng/g)
Coefficient of 7.8 11.9 20.1

variation (%)

salbutamol sulfate is more soluble than expected
in ethanol, whereas solubility values in acetone
and ethyl acetate are lower than the specified
selection criteria (100 pg/g). Acetone and ethyl
acetate were thus retained for further spherical
crystallization trials.

Choice of Antisolvent by Spherical
Crystallization Trials

In preliminary studies, two variables were chosen
as spherical crystallization parameters: the sol-
vent/antisolvent ratio (Ra=0.01) and the tem-
perature difference between solvent and
antisolvent (AT =30°C).

The use of acetone or ethyl acetate as an
antisolvent brought about the crystallization of
salbutamol sulfate during the process. For both,
an emulsifier was required to form an emulsion
(see Table 2). Finally, using Montane 20 as an
emulsifier, only ethyl acetate gave visual evidence
of both emulsification and crystallization inside
droplets. Acetone was therefore not selected as an
antisolvent.

Using ethyl acetate as an antisolvent, emulsi-
fication was noted as soon as the aqueous solution
of salbutamol sulfate was introduced in the ethyl
acetate. A crystallization phase inside droplets
began a few seconds after the emulsification
phase. Nevertheless, the droplets rapidly coa-
lesced, and sticky agglomerates with a gel-like
structure were formed. Kawashima et al. ob-
tained such a structure in one of their studies.?
This phenomenon could be explained by a deso-
rption of surfactant molecules from the droplet
interface, a rupturing of droplets, and a precipita-
tion of surfactant from the newly formed water/
ethyl acetate solvent mix. A comparison of the
solubility parameters [3, (cal/cm®)”] of sorbitan
monolaurate (6 =8.4), ethyl acetate (6=9.1), and
water (6=23.4) showed that sorbitan monolau-
rate is much less soluble in a water/ethyl acetate
mix than in ethyl acetate.?1°

Ethyl acetate is thus considered as an appro-
priate antisolvent, whereas other trials are neces-
sary to fix the type and percentage of emulsifier
to use.

Choice of Emulsifier Type and Concentration

Spherical crystallization experiments were car-
ried out with different types and different con-
centrations of emulsifiers, using a range of HLB
(hydrophilic/lipophilic balance) values between 5
and 27. Two independent variables were fixed for



Table 2. Spherical Crystallization Trials for Antisolvent Choice

Emulsification/
Crystallization Acetone Ethyl Acetate
Miscibility with water — Miscible Miscible for ratio
< 4 gof water for
100 g of solution
Spherical crystallization Emulsification — —
without emulsifier Crystallization + +
Spherical crystallization
with Montane 20 Emulsification - +
(5% m/m) Crystallization + +

each experiment: Ra=0.01 and AT =30°C. All
trials and results are detailed in Table 3.

When a hydrophilic emulsifier was used (Lutrol
F127, HLB =27), an emulsification phase was
observed but no crystallization occurred. Introdu-
cing a hydrophilic surfactant in the less polar
phase of an emulsion could result in a phase
inversion of the emulsion, as reported by Lin
et al.'' The emulsion visually observed in this
case could therefore be an ethyl acetate-in-water
emulsion in which salbutamol sulfate, staying
in the continuous (aqueous) phase, could not
crystallize.

Using different types, concentrations, and HLB
values of hydrophobic surfactants also gave some
negative results. These results were obtained
because of high instability in the primarily formed
emulsion. The formation of gel-like structures
could have the same origin as that already
explained.

Spherical particles were obtained using Abil
EM90 (HLB =5) at 0.2% (2 mg/g). The stabilizing
properties of this emulsifier can be explained as
follows: polysiloxane chains are placed at the
solvent—antisolvent interface, polyether chains

are dissolved in water, and polyalkyl chains are
dissolved in ethyl acetate.

Scanning electron micrographs of the spherical
particles are shown in Figure 4. The micrographs
show hollow spherical particles with smooth
surfaces. The median spherical particle size
[D(@,0.5)] and a sphere size distribution para-
meter (Span=[D(,0.9) —D(v,0.1)]/D(v,0.5)) are
shown in Table 4 (sample A).

Having shown the feasibility of the process on
salbutamol sulfate, we went on to study the
influence of relevant parameters on the formation
of spherical particles. Secondly, the influence of
processing variables on the particle size and the
size distribution was elucidated.

Influence of Processing Variables on the
Formation of Spherical Particles

In previous studies, several authors have shown
the importance of Ra and AT on the process.*'?
In fact, the crystallization of the drug inside
the droplets is only possible because of the
mass transfer (diffusion of solvent and antisolvent
in opposite directions) and the heat transfer

Table 3. Spherical Crystallization Trials for Emulsifier Choice

Emulsifier (In Ethyl Acetate/ Percentage Spherical
in Water) (w/w) HLB Particles Observations
Lutrol F127/Diethanolamine 0.045/1 27 — Emulsification/
crystallization
Montane 20 1 8.6 - Gel-like structure
3 8.6 — Gel-like structure
5 8.6 - Gel-like structure
Abil EM90/Lutrol F127 1.0/0.05 6.0 — Gel-like structure
1.5/0.05 5.7 - Gel-like structure
2.5/0.05 5.4 - Gel-like structure
Abil EM90 0.2 5.0 + —
1.5 5.0 — Gel-like structure
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Figure 4. Scanning electron micrographs of spherical particles obtained by the quasi-
emulsion process: (a) spherical particle; (b) hollow sphere.

(difference of temperature between solvent and
antisolvent). An Ra/AT diagram has therefore
been plotted, and the different types of particles
obtained by varying these two parameters are
illustrated by Figure 5.

Three regions were found. Spherical particles
(region I) were formed for low ratio values
(Ra<0.01) and a temperature difference > 25°C.
Sticky agglomerates with gel-like structure
(region II) were obtained for Ra=0.01 and
AT =25°C. Using high ratio values (Ra>0.01),
no solid particles were recovered (region III). No
emulsification phase was observed visually. At
these ratios, surfactant molecules probably form
aggregate structures like micelles in the solvent
mix. A colloidal dispersion would thus be
obtained.

In most cases similar results were obtained for
different values of AT. Thus, there seemed to be
no influence of heat transfer, which could be due
to the specific crystallization properties of salbu-
tamol sulfate in water. Accordingly, the meta-
stable zone was determined using two different
cooling rates. No apparition of crystals in solution

all along the cooling process, whatever was the
cooling rate applied, was observed visually. More-
over, the conductivity values remained stable.
The metastable zone is therefore > 50°C. It was
noted that the cooling rates applied during these
experiments were much lower than those effec-
tively occurring during spherical crystallization
trials. However, previous results showed that
wider metastable zones are obtained by increas-
ing cooling rates.'® It may thus be taken that the
temperature difference between solvent and anti-
solvent cannot cause crystallization of salbutamol
sulfate. It may therefore be supposed that, for this
drug, the crystallization is mainly the conse-
quence of the solvent diffusion inside and outside
the droplets.

Influence of Processing Variables on the Size of
Particle Spheres

The particle size distribution of the powder
obtained by using an emulsion concentration of
1.0% was determined and compared with that
obtained with a concentration of 0.2%. The results

Table 4. Mean Size and Size Distribution of Spherical Particles Synthesized With

Different Parameters

Parameter Sample A Sample B Sample C
Emulsifier concentration 0.2% 1.0% 0.2%
Maturation time 30 min 30 min 135 min
Type of distribution Monomodal Monomodal Monomodal
D(v,0.5) 187 um 168 um 287 pm
Span 1.088 1.878 1.260




= : Experimental points

AT Spherical Sticky No solid
particles agglomerates particles
455kt AR /.
35°Ct /z % x
25°Ct+ H-H X 1
i
} t f { Ra
0,01 0,02 003 004 0,05 0,1

Figure 5. Ra/AT diagram of the water/salbutamol
sulfate/ethyl acetate/Abil EM90 system.

are illustrated in Table 4 (Samples A and B).
Using a 1.0% value rather than 0.2% leads to a
slightly lower median particle size. On the other
hand, the size distribution is wider (Span = 1.878)
using a 1.0% value. The emulsifier concentration
would probably influence the final particle size in
modifying the initial droplet mean size and size
distribution.

The size distribution of the powder made using
a maturation time of 135 min was determined and
compared with that obtained with a maturation
time of 30 min. The results are illustrated in
Table 4 (Samples A and C). It is seen that the
median diameter increases with an increase in
the maturation time. This result could be ex-
plained by an agglomeration of particles over
time. Hunter reported a mechanism of floccula-
tion of a dispersion caused by polymer molecules
dissolving in the continuous medium.** So-called
“bridging flocculation” was observed at low poly-
mer concentrations and is considered to be a con-
sequence of the adsorption of the segments of
polymers onto the surface of more than one
particle.

CONCLUSION

Experiments performed to select a quasi-emul-
sion crystallization system for producing spheri-
cal particles of salbutamol sulfate gave the
following combination: water (solvent)/ethyl acet-
ate (antisolvent)/Abil EM90 (emulsifier). It was
shown that the Ra parameter has an influence
on the formation of spherical particles. On the
other hand, similar results are obtained in most
cases despite varying the AT values. The fact that
a very large metastable zone was found for

salbutamol sulfate in water could explain this
phenomenon. The emulsifier concentration and
maturation time were shown to have an influence
on the size of spherical particles obtained. These
tendencies will now need to be confirmed at a
higher scale and optimization will be applied.
Attention will then be focused on the physico-
chemical and mechanical properties of the sphe-
rical crystals.
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