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ABSTRACT: A drug molecule (sulfathiazole) has been recrijge using Supercritical Anti-
Solvent (SAS) process under different experimecdalditions. In these conditions, hydrodynamics
of the fluid phase in the autoclave has been instracterized. When the introduction device is a
capillary tube and for flow rates commonly usedSIAS processes, the solution -containing the
solute to be crystallized- is dispersed formingamihar jet that can be atomized or not. For an
experimental domain corresponding to complete toisatonditions of the fluid phases (P: 9-12
MPa; T: 308-313 K) and for five different organiohgents (acetone, acetonitrile, methylene
chloride, dimethyl formamide and ethanol), the maafejet dispersion and the critical jet
atomization of the pure organic solvent have besterchined. The main result is that this critical
atomization velocity is similar whatever the solvand the experimental conditions. Crystallization
experiments were carried out at 308 K and 9 MPraa feolvent-antisolvent molar ratio of 0.08 and
for different capillary internal diameters (150;42%10 pum). Each crystallization experiment has
been carried out in two different flow conditiorfer a jet velocity lower than the atomization
threshold and for a jet velocity corresponding toadomized jet. The different crystals obtained
were characterized in terms of crystal size, habdl polymorphic nature. Platelet-like crystals,
tablets and micron-sized spherical polycrystalliparticles were formed depending on the
crystallization operating conditions.

The results show that the mode of jet dispersioituences the powder characteristics.
Nevertheless, in order to interpret all the resuttss also necessary to take into account other
parameters as local supersaturation or mixingieffy.

| Introduction

Lots of experimental works dealing with SupercaticAnti-Solvent (SAS) precipitation
processes have been described in literature thénasty years. These processes, applied to active
pharmaceutical ingredients, polymers, explosivEgnpnts or precursors of semi-conductors, allow
the formation of nanoparticles or microparticleshna good control of their characteristics such as
particle size, morphology and habit [Reverchon, 2192002, 2007; Yung, 2001; Charbit, 2004;
Yeo, 2005]. This last decade, those techniques ywereed to be also efficient for polymorphic
control [Edwards, 2001; Kordikowski, 2001, Cha2d04]. Indeed, lots of experimental parameters
can be tuned on in order to vary the thermodynasaiditions and the kinetics of crytallization
leading to the formation of different polymorphiorins for a given compound. For a good
interpretation of SAS results, the different pheeom involved like phase behaviour,
hydrodynamics, mixing, kinetics of mass transfemadl as kinetics of nucleation and growth have
to be further studied.

This paper focuses on the role of hydrodynamicSAE processes and on its influence upon
powder characteristics. The basic principle of &ess is to put into contact the organic solution
containing the solute to be precipitated with thpescritical fluid which acts as an anti-solvent of
precipitation. In most cases, the organic solut®mulispersed through a capillary tube forming a
liquid jet which is dispersed into a supercriticahtinuum. The first part of this work is dedicated
to the characterization of the jet dispersion fariaus experimental conditions. In a second part,
crystallization experiments are performed in simdanditions for which hydrodynamics has been
characterized. Each crystallization experimentbesen carried out in two different flow conditions:
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for a jet velocity lower than the atomization threkl and for a jet velocity corresponding to an
atomized jet. The different characteristics of fqmvders obtained have been then interpreted
referring to hydrodynamics considerations. The pthds been carried out under experimental
conditions corresponding to complete miscibility floe systems solvent-antisolvent.

Il Materialsand methods
1.1 Materials

Carbon dioxide (molar assay: 99.7 %) was suppliednfAir liquide (France). Methylene
chloride and dimethyl formamide were purchased f@IDS (France) whereas acetone and ethanol
were respectively supplied by Fluka (Germany) aaddcCErba (Italy). The solvent molar assay is
higher than 98.0 %. Sulfathiazole (SFZ) - a druggalmonary diseases treatment used here as
solute — was provided by Fluka (Germany). Its maksay is higher than 98.0 %.

I1.2 Jet dispersion visualization

The experimental set-up used for direct jet disiper visualization is shown on figure 1.
Supercritical carbon dioxide is first introducedoithe autoclave of 0.763 L volume equipped with
two facing borosilicate windows (NWA, Germany) awdh a frit filter at the bottom. When the
desired pressure is reached, the valve is opendukabutlet of the autoclave. When a constant
carbon dioxide flow rate is obtained at the workprgssure, the pure organic solvent is introduced
into the autoclave through a capillary tube. Thepdrsion of the solvent is recorded by the video
for different liquid flow rates. The films are thenewed in order to determine the critical
atomization velocity for the different experimentaihditions studied.
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Figure 1: Schematic diagram of the experimentalaapfus dedicated to jet visualization

11.3 Crystallization study

Crystallization experiments have been carried ath an experimental set-up similar than the
one presented in figure 1. The only difference eong the autoclave; which is in this part of 0.48 L
volume without windows (Top Industrie, France). #ite beginning of the experiment, the
procedure is similar to the jet visualization ofike pure solvent is replaced by an organic solution
composed of an organic solvent with sulfathiazdMhen the desired quantity of powder is
obtained, a washing step is carried out with pamdan dioxide during the time required to renew
the content of the autoclave and then to avoidctirelensation of organic solvent during the last
depressurization step. The powder is then recovaradl observed with a Scanning Electron
Microscope (SEM) to determine the particles sizd #re habit of the crystals. The polymorphic
nature is determined by X-Ray Diffraction (XRD) &rs#s. Sulfathiazole crystals can exhibit five
different polymorphic forms: forms | to V. The madable form is the form IV.

The crystallization experiments have been perfornmee&xperimental conditions for which
hydrodynamics has been characterized in the fadtqd this study.



Il Results and discussion
[11.1 Jet dispersion

The dispersion of the five following organic solt®ras been studied: acetone, acetonitrile,
ethanol, methylene chloride and dimethyl formamidéne tested experimental conditions
correspond to complete miscibility conditions foetsystem solvent-antisolvent. The pressure was
varied from 9 to 12 MPa and the temperature fro® 80313 K. One part of the experiments of
liquid dispersion was carried out in pure carbooxale while an other part was carried out in
steady state conditions with a fixed molar raticoajanic solvent varying from to 2 to 8 %. Two
different flow configurations were tested: co anoumter-current flows. Lastly, the different
capillary IDs used are: 150, 254 and 510 um. Alkthdata are grouped in table 1.

The flow rates of the liquid solutions have beeniedafrom 0.1 to 7.5 mL.mih which are
values commonly used for SAS process applicatiohe. flow rate of carbon dioxide has been
varied from 0.05 to 3.2 kgh

Table 1: Tested experimental conditions

P/ X/ Flow
Solvent MPa T/K G/ pm % mol configuration
Acetone 9-12 150 ; 254
Acetonitrile 9-11 0;2;5

Ethanol 308 - 313 150 and 8 co-current

Methylene Chloride 9-11 counter-current
: : 150 ; 254

Dimethyl Formamide 9-12 and510 0

For all the different solvents and upon the ranfjosv rates studied, different jet dispersion
modes have been observed: axisymmetrical, asynuaktand directly atomized jets. The
characteristics of those different modes in densedian have been discussed elsewhere
[Czerwonatis, 2001; Carretier, 2003; Badens, 2005].

The objective of this study is to determine theueabf velocity jet which corresponds to the
transition from an asymmetrical jet (see figure @aan atomized jet (see figure 2b). This value is
thecritical atomization jet velocity namedgal

It appeared that for all the tested conditions fordall the solvents, similar values of critical
atomization jet velocity were obtained. The differevalues are listed in table 2. Even if the
different solvents exhibit different viscositiesdadensities, no significant changes in atomization
conditions can be quoted. It can be underlinedftradifferent values of capillary ID, the valuek o
critical atomization jet velocity are also simil&ince atomization conditions correspond to better
mixing conditions and then enhanced mass tranfisr study shows that for a jet velocity roughly
higher than 0.4 m’s crystallization will take place in better mixiegnditions.

(2b)
Figure 2: Jets of acetone formed from a 254um Ipilary at 308 K and 12MPa

(2a) asymmetrical jet (2b) atomized jet.



Table 2: Critical atomization velocities for diffart experimental conditions

UCA/ m.s’l
Solvent d/pum P/ MPa T/K X/
%mol | 5. | counter
current| current
Acetone 150 - 254 9-12 0-8 0.33-0.42
Acetonitrile 150 9-11 0 0.33-0.42
Ethanol 150 0.38-0.42
Methyl_ene 150 8-11 |308-313 0-8 0.33—0.38
Chloride
Dimethyl | 156 510  9.12 0 0.36 — 0.42
Formamide

[11.2 Crystallization

Sulfathiazole has been recrystallized from aceteolations. Each crystallization experiment
has been carried out in two different flow condiBofor a jet velocity jyower than the atomization
threshold (py= 0.25 m.8) and for a jet velocity corresponding to an atcedizet (y=0.5 m.&).
Three different capillary IDs have been used (b0, 254 and 510 um). The different operating
conditions are grouped in table 3.

Table 3: Operating conditions tested for crystatimn experiments

Operating conditions
u / m.s' 0.25; 0.5
Solvent Acetone
P/ MPa 9
T/K 308
[sulfathiazole] / g per g 0.02
X'/ mole per mole 0.08
de/ pum 150; 254 ; 510

Crystallization experiments carried out for velggiets lower than the atomization velocity:

The crystals obtained for velocity jets of 0.25 T sorresponding to non atomized jets, exhibit
different characteristics depending on the capill®. Figure 3 shows the crystals obtained for
capillary IDs of 150 um (figure 3a), 254 um (figuBk) and 510 um (figure 3c). In this figure (as
well as in figure 4) Restands for the Reynolds number of the organictgoicalculated at;uFor
the smallest value of capillary diameter (150 uthg crystals are platelet like with an average
dimension in length of 18.7 um (x 1.2 um). For ¢aeillary ID of 254 um, the crystals are smaller
(tablet or platelet-like) showing an average dinnem®f 2.5 um (£ 1.1 um) and are aggregated. For
the highest capillary ID (510 pum), polycrystallic@si-spherical particles are obtained. In each, case
a mixture of the form IV (the most stable polymadmpform) and of the form | has been obtained.

Even if the velocity jet is the same in each cdise,jet dimensions (length and diameter) are
different. This implies different mixing conditiorend then different local sursaturations which
obviously have a significant influence upon thestals size and habit.



Crystallization experiments carried out for velggiets higher than the atomization velocity:

The results obtained for velocity jets of 0.5 ™.sorresponding to atomized jets, exhibit quite
similar characteristics in terms of crystals sinel dabit whatever the capillary ID used. Figure 4
shows the crystals obtained for capillary diametdérg50 um (figure 4a), 254 um (figure 4b) and
510 um (figure 4c). The only difference that cannioéed is that for the lowest capillary ID, only
one polymorphic form was obtained: the form I. Tieign is a kinetically favoured one.

Those results show that the velocity jet has agmdgerant influence on crystals characteristics
for the lowest capillary ID studied while the crfst obtained with a capillary ID of 510 um have
the same characteristics in terms of size, halitparymorphic nature whatever the velocity jet, i.e
whether the jet is atomized or not. It can be tlemcluded that to correlate the crystals
characteristics to the jet hydrodynamics, otherapaaters than the velocity jet have to be
considered. The hydrodynamics in the cystallizatatoclave has to be characterized through the
mixing state and the knowledge of local sursatarati
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(3a) Capilary ID: 150 um (3b) Capillary ID: 254 u (3c) Capillary ID: 510 um
Rg=104; Re:x=13 Rg=176; Re:o=38 Rg=353; Reo~154
Figure 3: Sulfathiazole recrystallized from acet@mdutions at 9 MPa and 308 K

with a velocity jet of 0.25 m‘zorresponding tmon atomized jets.
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(4a) Capillary ID: 150 pm (4b) Capillary ID: 254 pm (4c) Capillary ID 510 pm
Rg=208; Reo~=27 Rg=352; Rec~76 Rg=706; Re:x~308
Figure 4: Sulfathiazole recrystallized from acet@wdutions at 9 MPa and 308 K
with a velocity jet of 0.5 mi*scorresponding t@tomized jets.

IV Conclusion

This study shows that for the operating conditioasmmonly used in SAS applications, the
liquid solutions which is dispersed in the pre@pdn autoclave can be atomized or not. Under the
experimental domain studied and for different sotge the critical atomization velocity jet is
similar and is roughly about 0.4 nl.sThe crystals formed in conditions for which thet js
atomized or not can have different characterigfiggending on the capillary ID used. In order to
fully interpret crystallization results, the mixirggate as well as the local sursaturation havesto b
considered.
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