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Purpose. Sulfathiazole was used to investigate polymorph control in
liquid and supercritical CO2. Conventional techniques require a va-
riety of solvents and techniques to produce different polymorphs.
The present approach involves precipitation from an organic solution
with liquid or supercritical CO2 using the SEDS™ process.
Methods. Sulfathiazole was precipitated from methanol or acetone
solutions. Experiments were carried out within a temperature range
of 0–120°C. Composition of the fluid phase was varied between
x(CO2) 4 0.27–0.99. Pressure was constant at 200 bar. Samples ob-
tained were analyzed using SEM, DSC, and XRPD.
Results. Pure polymorphs were obtained at different temperatures
and flow rate ratios of CO2/solvent. With methanol Form I, III, and
IV and their mixtures could be crystallized. With acetone Form I or
a mixture of Form I and amorphous sulfathiazole was obtained. The
fluid composition was used as a control parameter to define the pro-
cess areas (T-x diagram) where the pure forms or mixtures of differ-
ent forms could be obtained.
Conclusions. The experiments enabled the relationship between flow
and temperature for each polymorph to be determined. The crystal-
lization method developed proved to be a simple and efficient tech-
nique for reproducible and consistent isolation of sulfathiazole poly-
morphs.
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tiotropes.

INTRODUCTION

Polymorph control is paramount in pharmaceutical de-
velopment. The appearance of a different form can have pro-
nounced effects on shelf life, formulation and processing of a
drug. Additionally, different polymorphs can have different
bioavailability, activity, and even toxicity (1). Current meth-
ods for polymorph control use temperature, rate of crystalli-
zation, supersaturation or stirring as control parameters. To
obtain a pure polymorph it is necessary to be able to control
the supersaturation. Often a polymorph mixture instead of a
pure form is obtained. Frequently conditioning, using several
precipitation and dissolution steps is employed to achieve
crystallization of the desired form (2). Also seeding is used in
combination with the other techniques to precipitate the right
form. Furthermore, it would be advantageous if the majority
of the polymorphic forms could be produced from a single
solvent. Nevertheless, polymorph control remains difficult
and the crystallization of certain forms is often achieved by
trial and error methods only.

The polymorphs of sulfathiazole have been intensively

investigated for almost 60 years (3–9). Four polymorphs of
sulfathiazole are well known and clearly described in the lit-
erature (10–12). Recently a fifth polymorph was discovered
using solid-state NMR (13–14) and an amorphous form of
sulfathiazole is known (6). Of these five polymorphs four
exhibit an enantiotropic relationship, while the fifth is a
monotrope. Although a variety of solvent systems have been
studied over the past decades, it remains difficult to produce
a pure polymorph from a given solvent. Often the desired
polymorph contains impurities from at least one other form.
Furthermore, each polymorph of sulfathiazole is crystallized
from a different solvent or solvent mixture (15). Even then,
pure forms are usually only obtained after recrystallization
from the same solvent mixture (6,9,15).

In the past, supercritical carbon dioxide has been exten-
sively used to precipitate a variety of materials (16–18) in-
cluding pharmaceutical compounds. As shown over recent
years, supercritical fluid crystallization offers many advan-
tages over conventional crystallization techniques (19). It
should therefore also be possible to control the crystallization
of polymorphs. Recently, the GAS-process (Gas AntiSolvent
process) was used to crystallize polymorphs of sulfathiazole
(Form I and III) (20). A solution of sulfathiazole was ex-
panded with carbon dioxide applying different temperatures
and pressurization modes. Although the crystallization speed
and hence, supersaturation could be varied, a mixture of both
forms was always obtained. Although the crystallization of
enantiotropic polymorphs should almost solely depend on the
chosen crystallization temperature, the GAS-process was not
able to generate the pure forms. It seemed that nucleation did
not occur from a completely controlled environment.

In contrast to other supercritical fluid techniques, the
SEDS™ process offers improved control over the crystalliza-
tion process (19,21). In simple polymorph systems different
forms were successfully crystallized as pure and stable forms
with the SEDS™ process (22). As far as we are aware, no
other supercritical fluid crystallization technique has proved
control over the polymorphic state. In this investigation the
SEDS™ process (Solution Enhanced Dispersion using Super-
critical fluids) was used to separate the enantiotropic forms of
sulfathiazole to overcome these disadvantages.

EXPERIMENTAL

Chemicals

Sulfathiazole had a purity of 99% and was supplied by
Avocado Chemicals (Heysham, UK). Methanol and acetone
were more than 99% pure and were supplied by BDH Chemi-
cals (Poole, UK). CO2 was 99.99% and supplied by BOC
(Manchester, UK). All chemicals were used without further
purification.

Equipment

Experiments were carried out in a SEDS™ (Solution
Enhanced Dispersion by Supercritical Fluids) apparatus for
crystallization in supercritical fluids. A schematic representa-
tion of the equipment is given in Fig. 1. HPLC pumps P1–2

(JASCO, model 986) were used to feed CO2, solute solution
and solvent to the crystallization vessel. CO2 was supplied
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from a high-pressure cylinder GC, cooled to approximately
−15°C and then pumped into the vessel. Simultaneously, sol-
ute solution SS was pumped into the crystallization vessel,
through a specially designed nozzle N, consisting of two co-
axial concentric tubes. The crystallization vessel V (Keystone,
50 ml) was placed inside an oven O (Vindon Scientific, model
210), which controlled the temperature. Pressure was con-
trolled with a backpressure regulator BPR (JASCO, model

Fig. 2. DSC thermogram of conventionally crystallized sulfathiazole,
from acetone (a), methanol (b), and as supplied material (c).

Fig. 3. XRPD Diagram of sulfathiazole polymorphs obtained using the SEDS™ process, Form I (a), Form III (b) and Form IV (c).

Fig. 1. Schematic representation of the SEDS™ apparatus with:
pumps PI, pulse dampener PD, CO2 cylinder GC, cooler T, solute
solution SS, nozzle N, crystallization vessel V, oven O, backpressure
regulator BPR, solvent collection SC.
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880-81). The used solvent was collected SC after the back-
pressure regulator BPR. A more detailed description of the
equipment and its operating procedure has been given else-
where (23,24).

Procedure

The experimental procedure was as follows: A 1% w/v
solution of sulfathiazole in methanol corresponding to a mole
fraction of xSTZ 4 1.59 ? 10−3, or a 1.5% w/v solution of sul-
fathiazole in acetone corresponding to a mole fraction of xSTZ

4 4.30 ? 10−3 was pumped together with CO2 into the vessel.
The flow rate of the solvents varied from 0.2–25.6 ml ? min−1

per 10 ml ? min−1 of CO2, effectively changing the flow rate
ratio of solvent/CO2 by two orders of magnitude. During the
experiment, the solvent dissolved in the supercritical CO2,
leaving the solute behind. The precipitated sulfathiazole was
collected on a filter plate at the bottom of the vessel. After all
solute solution had been fed into the vessel, the apparatus was
flushed with pure CO2 for 15 min to remove solvent traces
present in the vessel. Temperatures for the crystallization
ranged from 0–120°C. Pressure was kept constant at 200 bar
to provide a dense supercritical medium at all temperatures.
Temperature during the crystallization was constant to ±
0.5°C, and pressure constant within 1 bar.

Additionally, sulfathiazole was crystallized from pure
methanol and acetone to provide a reference for the crystal-
lization from supercritical CO2. To obtain saturated solutions
(1% (w/v) in methanol and 1.5% (w/v) in acetone), 0.1 g of
sulfathiazole were dissolved in 10 ml methanol, and 0.3 g of
sulfathiazole were dissolved in 20 ml acetone. Both solutions
were slowly evaporated to dryness at room temperature
(23°C). The crystals were harvested and investigated in the
same way as the SEDS™ samples.

Analysis

Samples were analyzed using X-ray powder diffraction
(XRPD) using a D-5000 diffractometer (Siemens, Germany).

For each sample data were collected between 2U angles of 7.5
and 35. Individual samples were carefully filled into a stan-
dard measuring cell avoiding grinding of the sample.

Samples were also investigated by differential scanning
calorimetry (DSC) using a Mettler M3 system. DSC samples
had a typical weight of 2–4 mg. A temperature program with
a ramp of 20°C ? min−1 from 50 to 225°C was used for all
samples. Additionally, a nitrogen purge gas flow of 20
ml ? min−1 was used. Melting or transition temperatures were
determined as onset of the endotherm. The error in transition
temperature was ± 0.5°C. Transition enthalpies (DHx–y) were
determined by integration of the endothermic peaks with an
error of ± 1.5 kJ ? mol−1.

RESULTS AND DISCUSSION

Conventional Crystallization

Sulfathiazole was crystallized from pure acetone and
methanol to obtain reference material. From pure acetone
the melting diagram showed two endotherms at TIV-I 4
149°C and TI-L 4 200°C (Fig. 2a). The endotherm at low
temperature is identical to the transformation of Form IV
into Form I (8). At higher temperatures the melting of Form
I is observed. The transition enthalpies were found to be
DHIV-I 4 8.6 kJ ? mol−1 and DHI-L 4 26.1 kJ ? mol−1. The
occurrence of Form IV was confirmed by the X-ray pattern
(Fig. 3c).

From methanol, the DSC diagram exhibited two endo-
therms at TIV-I 4 155 and TI-L 4 200°C (Fig. 2b). Enthalpies
for the individual peaks were within the error of those for the
material crystallized from acetone. A close investigation of
the DSC trace from methanol shows a very small endotherm
for the transition of Form III into Form I at 170°C, confirming
literature data suggesting that sulfathiazole crystallizes as a
mixture consisting predominantly of Form IV (6,8).

Fig. 4. Polymorphs of sulfathiazole crystallized from acetone using the SEDS™ process applying
temperature and flow variation. Regions of stability for pure forms and mixtures are separated by
lines.
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Additionally the raw material was investigated. The DSC
showed an endotherm at TIII-I 4 171°C with a transition
enthalpy DHIII-I 4 7.3 kJ ? mol−1, proving that the starting
material consisted solely of polymorph III (Fig. 2c). These
values are identical to literature values given by Lagas et al.
(6).

SEDS™ Crystallization from Acetone

In the SEDS™ experiments a saturated solution of sul-
fathiazole in acetone (1.5% (w/v)) was used. The temperature
was raised from 20–80°C in an attempt to obtain as many of
the four enantiotropic forms of sulfathiazole as possible. The
flow rate of acetone was changed from 0.2–12.8 ml ? min−1 per
10 ml ? min−1 of CO2, effectively varying the mole fraction of
acetone in the mixture from xacetone 4 0.01–0.42. Pressure
was kept constant at 200 bar. Recovery rates of the crystalline
material ranged from 85–95% depending on the CO2/solvent
ratio. Varying composition and temperature caused changes
in the polymorphic form. Stability zones for different forms
were determined using XRPD and DSC data obtained for the
samples. Figure 4 shows that at low mole fractions (xacetone ∼
0.01–0.15) mixtures of Form I and amorphous sulfathiazole
were obtained, almost regardless of the operating tempera-
ture. In the SEM photograph (Fig. 5a) spherical particles can
be seen, which indicate a high amorphous content of the
sample. The XRPD pattern for this sample exhibited a very
low signal to noise ratio also indicative for a high amorphous
content. Increasing the flow of acetone (xacetone ∼ 0.15) en-
abled to obtain polymorph I (Fig. 5b). The XRPD and DSC
spectra for Form I obtained under these conditions (Fig. 3a,
6a) equate to those found in the literature (6,8). Increasing
the acetone flow further (xacetone > 0.4) led to a transition
zone between Form I and Form IV. This transition zone has
to border to a zone of pure polymorph IV, because sulfathia-
zole crystallizes as Form IV from pure acetone. The outline of
this transition zone could not be determined experimentally
because the flow rates of acetone needed were not achievable
with the current experimental set-up.

From the four possible enantiomorphs only amorphous
sulfathiazole and Forms I and IV could be crystallized from
acetone using supercritical CO2. This reflects earlier results
by Anwar et al. (15) using pure acetone alone. Although Form
I and Form IV are thermodynamically and crystallographi-
cally very different, the operating temperature of the super-
critical fluid mixture did not have any significant effect. By
contrast, the appearance of both polymorphs and the amor-
phous form could be controlled kinetically by varying the
acetone flow relative to the CO2 flow. Further, no difference
between liquid and supercritical CO2 could be seen. The op-
erating pressure (200 bar) is significantly higher than the mix-
ture critical pressure of the CO2/solvent system. Therefore,
the density difference between a near-critical and supercriti-
cal fluid close to the critical temperature of CO2 is negligible
and does not manifest itself in differences in the crystalliza-
tion process.

SEDS™ Crystallization from Methanol

SEDS™ crystallizations from methanol also used a satu-
rated solution (1% (w/v)). Temperature was changed from
0–120°C. The flow rate of methanol was changed from 0.2–
25.6 ml ? min−1 per 10 ml ? min−1 of CO2, changing the mole

fraction of methanol in the mixture from xmethanol 4 0.02–
0.72. Pressure was kept constant at 200 bar. Recovery rates of
the crystalline material ranged from 75–95% depending on
the CO2/solvent ratio. Like with acetone, stability regions for
the different forms were determined using XRPD and DSC
data. Figure 7 shows that at low temperatures only polymorph
IV was obtained. In the SEM photograph (Fig. 8c) regular
hexagonal prisms with a diameter of up to 20 mm can be seen.

Fig. 5. SEM photographs of SEDS™ crystallized sulfathiazole from
acetone, amorphous (a) and Form I (b).
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Thermal analysis of samples obtained at 0°C showed an en-
dotherm at TIV-I 4 144.5°C being the transition of Form IV
into Form I with an enthalpy of DHIV-I 4 8.2 kJ ? mol−1 (Fig.
6c) comparable to the literature value. Theses findings were
confirmed by the XRPD pattern (Fig. 3c).

At temperatures above 80°C Form I of sulfathiazole was
crystallized as small fused lumps shown in Figure 8a. The
XRPD pattern (Fig. 3a) was identical to the literature spec-
trum (8). For SEDS™ produced Form I a melting point TI-L

4 200.9°C with an enthalpy of DHI-L 4 27.5 kJ ? mol−1 was
found (Fig. 6a), which is identical to the literature values TI-L

4 201°C and DHI-L 4 27.7 kJ ? mol−1 (6). Bordering the
zones of Form I and IV are regions consisting of mixture of
polymorphs. Figure 7 shows that around 30°C a mixture of
Form IV and Form III appears, and at temperatures around
60°C a mixture of Form I and Form III exists. Owing to the
similarity of the polymorphs, these transition zones are broad

compared with the stability zones for the pure forms. Never-
theless, at 40°C pure polymorph III could be produced. The
habit of Form III was flat elongated hexagons (Fig. 8b). In the
DSC analysis SEDS™ produced Form III showed a solid
transition to Form I at TIII-I 4 167°C with DHIII-I 4 7.5
kJ ? mol−1 (Fig. 6b). These values are comparable to the lit-
erature values (6) of TIII-I 4 173.6°C with DHIII-I 4 6.87
kJ ? mol−1. As with acetone, no difference for crystallizations
from liquid or supercritical CO2 could be seen for reasons
explained earlier in this manuscript.

Occurrence of Polymorph V

In this investigation the presence of the new polymorph
V was not detected. Form V is very similar to Form III and IV
(14) and its habit is yet unknown. We speculate that its habit
might be very similar to that of Form III and the phase region
facilitating its formation is likely to partially overlap with that
of Form III. To date the thermal behavior of Form V is un-
known.

Polymorph Control

Figures 5 and 8 show that by choosing proper values of
temperature and flow rate a specific polymorph or polymor-
phic mixture can be crystallized. Furthermore, by increasing
the flow rate of solvent the size of the crystals can be ma-
nipulated. The SEDS™ process provides a reproducible en-
vironment from which crystallization can be performed in a
uniform and consistent manner. Therefore, by choosing
conditions where a polymorph mixture exists, mixtures with
a certain ratio of two forms can also be crystallized consis-
tently. With SEDS™, the least stable enantiotropic poly-
morph (Form I) is produced at the highest temperature fol-

Fig. 7. Polymorphs of sulfathiazole crystallized from methanol using the SEDS™ process applying
temperature and flow variation. Regions of stability for pure forms and mixtures are separated by
lines.

Fig. 6. DSC thermogram of SEDS™ crystallized sulfathiazole from
methanol, Form I (a), Form III (b), and Form IV (c).
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lowed by the formation of Form III and IV at consecutively
lower temperatures. This is consistent to conventional crys-
tallizations where the same rank order of polymorphs is found
(6,8,9).

It is surprising that the choice of solvent had such a dif-
ferent outcome to the polymorphs produced. With methanol
it was possible to control polymorphism by changing the sys-
tem temperature. Three pure forms could be obtained by
choosing the appropriate temperature for all flow rates of
methanol. Clearly, with methanol the crystallization is ther-
modynamically controlled. Comparing a conventional crystal-
lization with the SEDS™ process, it becomes apparent that
the transition temperatures between the individual forms are
lowered (6,8,9). Figure 7 shows that the transition tempera-
ture of Form I to Form III can be lowered by 15°C. A possible
explanation for this phenomenon is that precipitation be-
comes increasingly faster the more CO2 is present in the mix-
ture. Supersaturation is increased and leads to the formation
of the less stable polymorph at lower temperatures. Addition-
ally, the particle size for each form could be controlled by
adjusting the flow rate of methanol for a given temperature.
Changing the flow rate alone at constant temperature had
only a minor effect. Figure 7 shows that a change in compo-

sition of almost two orders of magnitude could be counter-
acted by a change in temperature of less than 10°C.

With acetone, polymorph control by changing the oper-
ating temperature was minimal. Figure 4 shows that amor-
phous sulfathiazole could be obtained at any temperature if
the flow rate of acetone was low enough. By contrast, changes
in composition at constant temperature had a stronger influ-
ence. Increasing the mole fraction of acetone in the mixture
led to the formation of polymorph I, and mixture of two
forms. Clearly, the crystallization of sulfathiazole from ac-
etone is kinetically controlled. Although composition of the
mixture can be changed over two orders of magnitude, the
effect in controlling the polymorphism of sulfathiazole stays
relatively small. Additionally, the lack of thermodynamic con-
trol implies that acetone is interacting in a different way with
a sulfathiazole molecule than methanol. Blagden et al. showed
that depending if a solvent molecule was a hydrogen-bond
donor or acceptor different sulfathiazole polymorphs were
crystallized/inhibited (25). They speculated that molecular ag-
gregation took place before nucleation, and hence, influenced
the polymorphs generated. It is therefore likely that acetone
as a hydrogen-bond acceptor interacts differently to methanol
with sulfathiazole, and hence, favoring the crystallization of a

Fig. 8. SEM photographs of SEDS™ crystallized sulfathiazole from methanol,
Form I (a), Form III (b) and Form IV (c).
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certain polymorph. These interactions also seem to play an
important role in crystallizations from liquid or supercritical
CO2.

CONCLUSIONS

It has been shown that the generation of sulfathiazole
polymorphs can be controlled by crystallization from liquid
and supercritical CO2. No difference in the crystallization be-
havior of sulfathiazole using liquid or supercritical CO2 could
be found. It was possible to generate three pure polymorphs
of sulfathiazole using the SEDS™ process. Crystal habit, X-
ray diffraction patterns, and melting points of SEDS™ crys-
tallized polymorphs of sulfathiazole were identical to litera-
ture values. Variation of temperature and flow rate proved
that thermodynamic or kinetic control could be applied to
generate certain forms. The choice of solvent also influenced
the crystallization of the polymorphic forms. It was apparent
that methanol as a hydrogen bond donor possessed a far
greater ability to stabilize different forms of sulfathiazole than
acetone. Three polymorphs could be crystallized with metha-
nol by choosing the appropriate temperature. Varying the
flow of methanol could influence the particle size of the poly-
morphs. With acetone it was only possible to generate Form
I of sulfathiazole. By fine tuning temperature and flow rates
it was also possible to generate mixtures with a defined ratio
between the polymorphic forms. Crystallization of poly-
morphs from near- and supercritical fluids using the SEDS™
process is a viable alternative to conventional methods.
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