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Since  the  discovery  of  sulfathiazole  as  an antimicrobial  agent  in 1939,  numerous  works  in  the  screening
for  its different  polymorphic  forms,  which  is  an  essential  part  of drug  development,  have  been  conducted
and  published.  These  works  consequently  result  in the  availability  of  various  methods  for  generating  a
particular  polymorph.  By  following  these  methods,  however,  one  cannot  be  guaranteed  to  obtain  the
intended  pure  polymorph  because  most  of  the  methods  do  not  clearly  and  adequately  describe  the  crys-
tallisation  conditions,  such  as  cooling  rates  and  initial  solute  concentrations.  In this  paper,  the  available
ulfathiazole
rocess analytical technology
olid state analysis

methods  for  generating  all the  known  polymorphs  of  sulfathiazole  are  reviewed  and  selected  methods
for  generating  certain  polymorphs,  performed  with  their  processes  monitored  using  process  analytical
technology  tools,  i.e. focussed  beam  reflectance  measurement  and  attenuated  total  reflectance  ultraviolet
spectroscopy,  are  presented.  The  properties  of  the  obtained  crystals,  examined  using  various  character-
isation  methods,  are  also  presented  and  whenever  possible,  are  compared  with  those  of  other  workers.
. Introduction

Sulfathiazole, a chemical structure shown in Fig. 1, is an antimi-
robial agent. Since its discovery in 1939 (Fosbinder and Walter,
939; Lott and Bergeim, 1939), numerous works in isolating, gen-
rating and characterising its different polymorphic forms have
een carried out and communicated to the scientific community.
rue to a famous suggestion by Walter McCrone, that the number
f polymorphic forms known for a given compound is propor-
ional to the time and money spent in research on that compound
McCrone, 1965), the official knowledge on the number of sulfathi-
zole polymorphic forms has progressed from two  in 1941 (Grove
nd Keenan, 1941) to five from 1999 (Hughes et al., 1999; Chan et al.,
999) until present. Sulfathiazole is also reported to form an amor-
hous phase (Mesley and Houghton, 1967; Lagas and Lerk, 1981),

 hydrate (Kuhnert-Brandstätter and Wunsch, 1969) and over one
undred solvates (Bingham et al., 2001).
The extensive and repeated works on sulfathiazole polymor-
hism have produced inconsistent nomenclatures in the naming
f the polymorphs. This inconsistency may  cause confusion and
ifficulty in identifying and interpreting the literature informa-
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© 2011 Elsevier B.V. All rights reserved.

tion on the polymorphs and, as highlighted by Bernstein (2002),
is due to the lack of attempts by authors to reconcile their own
work with previous studies. Some authors, however, have corre-
sponded and/or referred to their polymorphs using the notations
of the Cambridge Structural Database (CSD) reference codes (ref-
codes) (Blagden et al., 1998; Aaltonen et al., 2003; Karjalainen et al.,
2005; Hakkinen et al., 2005; Pollanen et al., 2005; Gelbrich et al.,
2008; Alvarez et al., 2009). The refcodes can be considered as stan-
dards since each one of them represents specific crystallographic
properties. There are currently 24 crystal structures of sulfathiazole
available in the database to represent five different polymorphs.
These structures are contributed by various researchers. A large
number of structures to represent only five different polymorphs
indicate that some of them are repeated. However, the later
deposited data are expected to provide improved quality in
their structural representations, particularly with respect to the
hydrogen atom positions. This is due to the improved X-ray diffrac-
tometer’s capability as a result of the technological advances. In
order to differentiate between different polymorphs, the CSD also
uses the enumeration scheme adopted by the earlier crystal struc-
tures’ depositors. Table 1 relates the scheme to the corresponding
refcodes. In this paper, the enumeration of the sulfathiazole poly-
morphs follows this scheme. Attempts to reconcile the literature

enumeration of sulfathiazole polymorphs have been made by
Burger and Dialer (1983) and Anwar et al. (1989).  Here, their works
were updated and extended to include all five known polymorphs
as well as the un-cited and later literature. Table 1 also relates

dx.doi.org/10.1016/j.ijpharm.2011.05.004
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:Z.K.Nagy@lboro.ac.uk
dx.doi.org/10.1016/j.ijpharm.2011.05.004
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Fig. 1. Chemical structure of sulfathiazole.

he literature enumeration of the sulfathiazole polymorphs to the
numeration scheme and refcodes adopted by the CSD.

The numerous works on sulfathiazole polymorphism have also
esulted in the availability of various methods for generating a
articular polymorph. By following these methods, however, one
annot be guaranteed to obtain the intended pure polymorph
ecause most of them do not clearly and adequately describe
he crystallisation conditions, such as cooling rates and initial
olute concentrations. It has been suggested that the failure to
dequately describe the crystallisation conditions is one of the fac-
ors that led to the confusion over the identity of sulfathiazole
olymorphs (Hughes et al., 1999). The implementation of process
nalytical technology (PAT), which involves the use of in situ anal-
sers that are able to measure, monitor and record the process
roperties and the indication of product quality in real-time, is

ne of the strategies to fully describe the crystallisation condi-
ions (Yu et al., 2003). This paper presents the work in generating
ulfathiazole polymorphs using crystallisation methods that were
elected from the literature. The crystallisations were performed

able 1
iterature enumeration of sulfathiazole polymorphs and the corresponding CSD enumera

CSD enumeration Equivalent CSD refcode Litera

Form I Suthaz01,
Suthaz07,
Suthaz08,
Suthaz16,
Suthaz23.

Rod fo
ˇ (Miy
B (Me
II (Mil
Sheno
1976)
I  (Laga
1972;
1993;
et  al., 

Form  II Suthaz,
Suthaz03,
Suthaz09,
Suthaz10,
Suthaz18,
Suthaz20.

Hexag
˛  (Miy
A (Me
I (Sham
II′ (Ba
II (Bla
2007;
IV (An
Apper

Form III Suthaz02,
Suthaz11,
Suthaz12,
Suthaz17,
Suthaz21.

˛′ (Mi
C (Me
IIA (M
I (Milo
Sheno
III (Lag
1971, 

Boldy
Blagde
et  al., 

Form IV Suthaz04,
Suthaz13,
Suthaz14,
Suthaz19,
Suthaz22.

IIB (M
II (Kho
IV (Bla
Drebu
V (App

Form  V Suthaz05,
Suthaz06,
Suthaz15.

V (Hug
II (Lag
1999;
 of Pharmaceutics 414 (2011) 86– 103 87

with the processes monitored using focussed beam reflectance
measurement (FBRM) and attenuated total reflectance ultravio-
let spectroscopy (ATR-UV) spectroscopy. In order to assess the
success of these polymorph crystallisations, the obtained crys-
tals were examined using various characterisation techniques
including optical microscopy, scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), thermogravimetry (TG),
hot-stage microscopy (HSM), Fourier transform infrared (FT-IR)
spectroscopy and X-ray powder diffractometry (XRPD) and when-
ever possible the results were compared with those of previous
workers.

The works presented in this paper were undertaken with the
following objectives: (a) to provide a comprehensive literature
review on the crystallisation and polymorphism of sulfathiazole.
This includes a compilation of literature methods for isolating a
particular polymorph and a reconciliation of various enumerations
of the polymorphs that are in use from 1941 to present; (b) to offer
reliable methods of generating sulfathiazole polymorphs through
in situ monitoring and thorough recording of process properties
using FBRM and ATR-UV spectroscopy; and (c) to understand and
differentiate sulfathiazole polymorphs properly – an essential prior
knowledge in the design and development of a polymorphic control
approach.

2. Crystallisation of sulfathiazole polymorphs
Since the polymorphism of sulfathiazole has been extensively
and repeatedly investigated by various researchers as shown in
Table 1, various recipes for generating a particular polymorph have
become available.

tion and refcode.

ture enumeration and reference

rm (Grove and Keenan, 1941);
azaki, 1947);

sley and Houghton, 1967);
osovich, 1964; Higuchi et al., 1967; Guillory, 1967; Moustafa and Carless, 1969;
uda, 1970; Shami et al., 1972; Carless and Jordan, 1974; Jordan and Carless,
;
s and Lerk, 1981; Anwar et al., 1989; Mesley, 1971; Kruger and Gafner, 1971,

 Gelbrich et al., 2008; Burger and Dialer, 1983; Shaktshneider and Boldyrev,
 Khoshkhoo and Anwar, 1993; Apperley et al., 1999; Luner et al., 2000; Blagden
1998; Zeitler et al., 2006; Parmar et al., 2007; Drebushchak et al., 2008).
onal form (Grove and Keenan, 1941);
azaki, 1947);

sley and Houghton, 1967);
i et al., 1972);

bilev et al., 1987);
gden et al., 1998; Kruger and Gafner, 1971, 1972; Blagden, 2001; Parmar et al.,

 Drebushchak et al., 2008);
war et al., 1989; Burger and Dialer, 1983; Khoshkhoo and Anwar, 1993;
ley et al., 1999; Zeitler et al., 2006; Gelbrich et al., 2008).
yazaki, 1947);
sley and Houghton, 1967);
esley, 1971);
sovich, 1964; Higuchi et al., 1967; Guillory, 1967; Moustafa and Carless, 1969;
uda, 1970; Carless and Jordan, 1974; Jordan and Carless, 1976);
as and Lerk, 1981; Blagden et al., 1998; Anwar et al., 1989; Kruger and Gafner,

1972; Gelbrich et al., 2008; Burger and Dialer, 1983; Shaktshneider and
rev, 1993; Khoshkhoo and Anwar, 1993; Apperley et al., 1999; Luner et al., 2000;
n, 2001; Zeitler et al., 2006; Parmar et al., 2007; Drebushchak et al., 2008; Ali

2009).
esley, 1971);
shkhoo and Anwar, 1993);
gden et al., 1998; Babilev et al., 1987; Blagden, 2001; Parmar et al., 2007;
shchak et al., 2008);
erley et al., 1999; Zeitler et al., 2006; Gelbrich et al., 2008).
hes et al., 1999; Chan et al., 1999);

as and Lerk, 1981; Anwar et al., 1989; Burger and Dialer, 1983; Apperley et al.,
 Zeitler et al., 2006; Gelbrich et al., 2008).
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Table 2
Methods of producing Form I.

No. Procedure Reference

1 Seeded cooling crystallisation from a saturated n-propanol
solution at 80–90 ◦C. After a crop of rod-like crystals has
formed, the hot supernatant solvent was  decanted and drained
off. The crystals were washed with ether to remove solvent
and then dried in the air at room temperature.

Grove and Keenan (1941) and Higuchi et al. (1967)

2  Cooling crystallisation from a saturated n-propanol solution at
80–90 ◦C.

Mesley and Houghton (1967), Shenouda (1970), Kruger and Gafner (1971, 1972),  Lagas
and  Lerk (1981), Burger and Dialer (1983), Anwar et al. (1989),  Khoshkhoo and Anwar
(1993),  Blagden et al. (1998), Blagden (2001), Karjalainen et al. (2005) and Parmar
et  al. (2007)

3  Cooling crystallisation from a saturated solution of amyl
alcohol.

Miyazaki (1947) and Moustafa and Carless (1969)

4  Cooling crystallisation from a saturated solution of isobutanol. Miyazaki (1947) and Mesley and Houghton (1967)
5  Cooling crystallisation from a saturated solution of n-butanol

at its boiling temperature.
Shaktshneider and Boldyrev (1993), Parmar et al. (2007) and Drebushchak et al. (2008).

6  Cooling crystallisation from a saturated solution of sec-butanol. Higuchi et al. (1967),  Moustafa and Carless (1969) and Shenouda (1970)
Miyaz
Carles
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7 Heating a commercial raw material or Form II or Form III at a
temperature between 170 and 180 ◦C for 15–40 min.

.1. Form I

Literature recipes for isolating Form I are presented in Table 2.
t can be seen from the table that all of the solvents that have been
sed to crystallise Form I are alcohols containing between three
o five carbon atoms, which satisfy a suggestion made by Mesley
1971) that recrystallisations from alcohols containing three or

ore carbon atoms should produce Form I. In accordance to the
stwald’s Rule of Stages, Blagden et al. (1998) suggested that any

olvent should be able to initially produce Form I as it is the
east stable form, followed by a stepwise conversion, through the
ther metastable forms, to the thermodynamically most stable
orm. An example of this stepwise conversion had been observed
y Grove and Keenan (1941) during their attempt to isolate rod-

ike Form I crystals from hot ethanol. In order to prevent any
olymorphic conversions, n-propanol was chosen as the solvent
ince it has a higher boiling point than ethanol, which they reck-
ned will allow enough time for the crystals to be removed from
he hot solution before the conversion can take place; hence the

rigin of Method 1. However, it was reported much later that
orm I crystallised from n-propanol did not transform to other
orms up to one year of storage as slurry at 30 ◦C (Blagden et al.,
998).

able 3
ethods of producing Form II.

No. Procedure 

1 Cooling crystallisation from a saturated n-propanol
solution at room temperature.

2  Cooling crystallisation from water to room temperature. 

3  Cooling crystallisation from a saturated acetone solution to
room temperature.

4  Cooling crystallisation from a mixture of acetone and
chloroform. A saturated acetone solution was cooled to
room temperature and diluted with chloroform.* A 1:1* or
3:2† mixture of acetone:chloroform was  used.

5 Slow† cooling crystallisation from a saturated ethanol
solution to room temperature. Store in the slurry for a
month at 30 ◦C*.

6  Cooling a saturated solution of sulfathiazole in
nitromethane (26 g/L) to 30 ◦C and store in the slurry for a
month at that temperature.

7  Cooling crystallisation from a saturated methanol solution
to  room temperature.

8  Cooling crystallisation from a saturated acetonitrile
solution.

9 Slow  concentrating a solution in a methanol–acetonitrile
mixture.
aki (1947), Milosovich (1964),  Moustafa and Carless (1969),  Shami et al. (1972),
s and Jordan (1974),  Shaktshneider and Boldyrev (1993),  Apperley et al. (1999),

 et al. (2000) and Zeitler et al. (2006)

All of the cited researchers that utilised Method 1 and Method
2 in Table 2 implied no presence of any other polymorphic forms
besides Form I, but more recent researchers reported otherwise.
Anderson et al. (2001) reported that although crystallisations from
n-propanol at various cooling rates in stirred and unstirred 50 mL
reactors consistently produced Form I, traces of Form V were also
found within some samples. The crystals obtained by Aaltonen et
al. (2003) through cooling crystallisation from n-propanol at a con-
stant rate of 35 ◦C/h in a 100 mL  reactor were mainly Form I, but
Form II and Form III were also present. Through a cooling crystalli-
sation experiment conducted at a constant rate of 27.5 ◦C/h in a 4 L
reactor, Hakkinen et al. (2005) obtained crystals of mainly Form I
together with some portions of Form III and Form V. More recently,
Alvarez et al. (2009) produced Form I, Form III and Form IV from
cooling crystallisation experiments using n-propanol as a solvent
at various initial concentrations and cooling rates.

Method 7 in Table 2 was first applied by Miyazaki (1947).  The
method can be considered as the most reliable one because at the
heating temperature, crystals of Form II, or Form III, or the commer-

cial raw material, which is typically composed of Form II or Form
III, or a mixture of the two, are expected to transform into Form
I since it is the most stable sulfathiazole polymorph at high tem-
perature. Although the heating process may  turn the crystals into a

Reference

Kruger and Gafner (1971, 1972) and Burger and Dialer
(1983)
Grove and Keenan (1941) and Miyazaki (1947)
Grove and Keenan (1941) and Miyazaki (1947)

Mesley and Houghton (1967),  Shami et al. (1972),  Anwar
et  al. (1989)* and Khoshkhoo and Anwar (1993)†

Grove and Keenan (1941), Miyazaki (1947), Babilev et al.
(1987)† and Blagden et al. (1998)*

Blagden et al. (1998)

Grove and Keenan (1941), Miyazaki (1947) and Parmar
et al. (2007)
Apperley et al. (1999) and Zeitler et al. (2006)

Drebushchak et al. (2008)
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Table  4
Methods of producing Form III.

No. Procedure Reference

1 Dissolving in a cold dilute ammonium
hydroxide solution, followed by
warming up the solution surface to
obtain the crystals.

Miyazaki (1947)

2  Slow evaporation of a diluted
ammonium hydroxide solution at
room temperature.

Kruger and Gafner (1971) and Shaktshneider and Boldyrev
(1993)

3 Cooling crystallisation from a dilute
ammonium hydroxide solution (1% or
10% or 20%). Store in the slurry for a
month at 30 ◦C.

Mesley and Houghton (1967), Moustafa and Carless
(1969),  Shenouda (1970) and Blagden et al. (1998)

4  Slow crystallisation from warm
ethanol.

Milosovich (1964), Higuchi et al. (1967),  Shenouda (1970)
and Lagas and Lerk (1981)

5  Evaporation of methanol solution. Mesley and Houghton (1967)
6  Cooling crystallisation from water

(cooling rate of 5–10 ◦C/h).
Moustafa and Carless (1969), Mesley (1971), Jordan and
Carless (1976),  Lagas and Lerk (1981), Anwar et al. (1989),
Khoshkhoo and Anwar (1993) and Karjalainen et al. (2005).

7 Cooling  crystallisation from a mixture
of  acetone–chloroform (3:1).

Moustafa and Carless (1969), Shenouda (1970) and Lagas
and Lerk (1981)

8 Cooling crystallisation from a mixture
of  benzene:ethanol (3:1).

Shenouda (1970)

9  Cooling crystallisation from
isopropanol.

Shenouda (1970),  Luner et al. (2000) and Parmar et al.
(2007)

10  Slow cooling crystallisation from
aqueous ethanol (95% or 40%).

Moustafa and Carless (1969), Carless and Jordan (1974),
Lagas and Lerk (1981) and Burger and Dialer (1983)

11  Replacement of acetone by Apperley et al. (1999)
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dichloromethane in boiling solution.
12  Slow evaporating of a solution of

ethanol–water–ammonia mixture.

light off-white colour, it was found that this did not interfere with
he subsequent characterisation studies (Apperley et al., 1999).

.2. Form II

Table 3 summarizes methods of producing Form II. Although
ethod 1 was the method used by the researchers that contributed

he crystallographic data for Form II (Kruger and Gafner, 1971); it is
ot a reliable method to produce Form II crystals based on a recent
ork by Alvarez et al. (2009),  which showed that cooling crystalli-

ation experiments from initial temperature of 30 ◦C produced only
orm III at a slow cooling rate and no crystals at all when a fast cool-
ng rate was applied. In addition, as mentioned previously, only a
mall portion of Form II was obtained by Aaltonen et al. (2003)
hrough their cooling crystallisation experiment from n-propanol
t a constant rate of 35 ◦C/h. Based on the same set of works by
lvarez et al. (2009),  Method 2 is also not a reliable method of pro-
ucing Form II because only Form III and Form IV were obtained in
heir cooling crystallisation experiments with water as the solvent
Alvarez et al., 2009). On the same note, Blagden et al. (1998) also
eported that crystallisation from water only favours the forma-
ion of Form IV crystals. Although Form II was produced by cooling
rystallisation experiments from both acetone and a mixture of ace-
one and chloroform, as reported by Alvarez et al. (2009),  it always

ormed as a mixture with Form III. On the other hand, based on a
eport by Mesley (1971),  recrystallisation from a mixture of ace-
one and chloroform did not produce Form II at all, but a mixture
f Form III and Form IV. For these reasons, Method 3 and Method

able 5
ethods of producing Form IV.

No. Procedure 

1 Cooling a saturated solution of sulfathiazole in water. Store in
the slurry for a month at 30 ◦C.

2  Rapid quenching a boiling solution of sulfathiazole in water to
4 ◦C.

3  Cooling crystallisation from aqueous ethanol. 
Drebushchak et al. (2008).

4 are not reliable methods of generating Form II crystals. Method 5
was  the method used by Babilev et al. (1987),  the contributor of the
crystallographic data of Suthaz03 (Form II). Slightly over a decade
later, Blagden et al. (1998) also used the same method to produce
Form II crystals in their study on the effect of solvent to the poly-
morph appearance. In the same study, they also generated Form II
crystals from nitromethane (Method 6). Method 7, Method 8 and
Method 9 are also believed to be reliable since Parmar, Apperley,
Drebushchak and their co-workers were able to produce crystals
with X-ray diffraction parameters consistent with literature values
of Form II.

2.3. Form III

Methods of producing Form III are presented in Table 4. Method
1, Method 2 and Method 3 involve fast evaporation, slow evap-
oration and cooling crystallisation, respectively, using the same
solvent, i.e. a diluted ammonium hydroxide. Method 2 was used by
Kruger and Gafner (1971) in their work, which the crystallographic
data of Form III originated. Method 4 is basically similar to one of
the reliable methods of producing Form II (Method 5 in Table 3);
therefore its reliability to generate Form III at the same time is sus-
picious. Method 5 uses the same solvent as another reliable method
of producing Form II (Method 7 in Table 3) and although their mode

of supersaturation generation is different – evaporation for Method
5 and cooling for the other; the method is still suspect since in
determining the formation of a particular polymorph, the effect of
solvent often dominates the effect of supersaturation (Khoshkhoo

Reference

Babilev et al. (1987), Blagden et al. (1998) and Parmar et al.
(2007).
Khoshkhoo and Anwar (1993)

Drebushchak et al. (2008).
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Table 6
Methods of producing Form V.

No. Procedure Reference

1 Boiling a supersatured solution of sulfathiazole in water to
dryness. As soon as the water evaporated, crystals are
immediately dried in a hot air oven at 105 ◦C for 15 min.

Lagas and Lerk (1981), Anwar et al. (1989), Khoshkhoo and
Anwar (1993),  Hughes et al. (1999), Chan et al. (1999),
Apperley et al. (1999), Anderson et al. (2001) and Zeitler et al.
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crystals, which may  turn them brown or decompose them. Method
2 is not a reliable method to produce Form V since n-propanol is
a solvent known to favour the crystallisation of Form I or at least
the crystals of mainly Form I. With the exception of Hakkinen et al.

Table 7
Methods of characterising sulfathiazole polymorphs.

No. Method

1. Density measurement:
Flotation (Kruger and Gafner, 1971);
Pyknometry (Burger and Dialer, 1983).

2. Refractive indices (Grove and Keenan, 1941;
Miyazaki, 1947).

3.  Solubility measurement (Lagas and Lerk, 1981;
Milosovich, 1964; Burger and Dialer, 1983;
Khoshkhoo and Anwar, 1993).

4. Microscopy:
Optical (Grove and Keenan, 1941; Blagden

et  al., 1998; Miyazaki, 1947; Parmar et al.,
2007);

Scanning electron (Hakkinen et al., 2005;
Parmar et al., 2007).

5. Thermal analysis:
DSC (Lagas and Lerk, 1981; Anwar et al.,

1989; Mesley, 1971; Anderson et al., 2001;
Moustafa and Carless, 1969; Shenouda, 1970;
Burger and Dialer, 1983; Shaktshneider and
Boldyrev, 1993; Luner et al., 2000; Zeitler et al.,
2006; Parmar et al., 2007; Ali et al., 2009);

TG (Lagas and Lerk, 1981);
HSM (Grove and Keenan, 1941; Anwar et al.,

1989; Milosovich, 1964; Higuchi et al., 1967;
Guillory, 1967; Shenouda, 1970; Burger and
Dialer, 1983; Zeitler et al., 2006).

6.  Spectroscopy:
IR (Mesley and Houghton, 1967; Lagas and

Lerk, 1981; Anwar et al., 1989; Mesley, 1971;
Anderson et al., 2001; Moustafa and Carless,
1969; Burger and Dialer, 1983; Shaktshneider
and Boldyrev, 1993; Parmar et al., 2007);

NIR (Aaltonen et al., 2003; Luner et al., 2000;
Ali  et al., 2009);

Raman (Anwar et al., 1989; Anderson et al.,
2001; Zeitler et al., 2006; Ali et al., 2009);

Terahertz pulsed (Zeitler et al., 2006).
7. NMR  (Anwar et al., 1989; Apperley et al., 1999).
8. X-ray diffraction:

Powder (Chan et al., 1999; Anwar et al.,
1989; Mesley, 1971; Aaltonen et al., 2003;
Hakkinen et al., 2005; Kruger and Gafner,
1971; Higuchi et al., 1967; Shaktshneider and
Boldyrev, 1993; Parmar et al., 2007; Ali et al.,
2009);

Single crystal (Hughes et al., 1999; Anwar
et  al., 1989; Kruger and Gafner, 1971; 1972;
Babilev et al., 1987; Parmar et al., 2007);
2  Dissolving in n-propanol at 97 ◦C and cooled very slowly
without rotation or agitation.

nd Anwar, 1993). Method 6 is also a suspicious method because
t was reported that crystallisations from water produced either

 mixture of Form III and Form IV (Alvarez et al., 2009) or Form
V (Blagden et al., 1998). Crystallisation from a mixture of acetone
nd chloroform, as mentioned earlier, always favour the formation
f a mixture of polymorphs; either Form II and Form III (Alvarez
t al., 2009) or Form III and Form IV (Mesley, 1971). For this rea-
on, Method 7 is not a reliable method of producing Form III. The
eliability of Method 8, first implemented by Shenouda (1970),  has
ever been verified by later researchers. In that work, the obtained
rystals were made to undergo inconclusive solid-state characteri-
ation analyses, which subject the outcome of the application of the
ethod to speculation. Method 9 was used by Parmar et al. (2007)

o produce Form III and they found that the X-ray diffraction param-
ters of the obtained crystals match well to the literature values of
he intended polymorph. The same method was also applied by
uner et al. (2000),  who found that the measured density of the
btained crystals corresponded very well to the literature value
f Form III. Method 10 and Method 11 were used by Burger and
ialer (1983) and Apperley et al. (1999),  respectively. The methods
re believed to be reliable since they have successfully differenti-
ted different polymorphs they generated using a combination of
olid-state characterisation techniques. Drebushchak et al. (2008)
howed that the crystals they obtained using Method 12 gave X-ray
iffraction parameters that are consistent with the literature val-
es for Form III. This verifies the reliability of Method 12 to produce
orm III.

.4. Form IV

There are three methods of producing Form IV as shown in
able 5. Method 1 and Method 2 are basically the same in that both
se water as the solvent; only Method 2 is clearer in describing
he crystallisation conditions. Based on the work by Alvarez et al.
2009), cooling crystallisations from saturated water solutions at
0 ◦C with both fast (5 ◦C/min) and slow (1 ◦C/min) cooling rates
onsistently produced Form IV crystals. These findings proved the
eliability of Method 2. Babilev et al. (1987) used Method 1 to come
p with the crystallographic data for Form IV. Two decades later,
armar et al. (2007) confirmed the repeatability of the same method
o produce Form IV by showing that the crystals they obtained
sing Method 1 gave X-ray diffraction parameters that are con-
istent with the values given by Babilev et al. Drebushchak et al.
2008) were also able to produce crystals that give x-ray diffraction
ata similar to those given by Babilev et al.; in this case, however,
he crystals were produced using Method 3. Although Method 3 in
able 5 may  appear to be similar to Method 10 in Table 4, but it
hould be noted that different compositions of ethanol:water ratio
ave to be considered as different solvents.

.5. Form V
As shown in Table 6, most of researchers used Method 1 to gen-
rate Form V; most notably among them are Hughes, Chan and their
o-workers, who are the contributors of the crystallographic data
or Form V and Form V, respectively. In order to ensure a successful
(2006).
Burger and Dialer (1983)

outcome of the execution of Method 1, the transfer of the crystals to
the hot air oven after the water has just evaporated must be quick
enough; otherwise Form III will be formed instead (Anwar et al.,
1989). The immediate transfer also prevents overheating of the
Variable temperature powder (Lagas and
Lerk, 1981; Karjalainen et al., 2005);

Variable temperature single crystal
(Drebushchak et al., 2008).
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Table  8
Summary of literature calculated density, melting temperature and polymorphic transformation from one form to another that is stable at high temperature.

Polymorph Calculated density (g/cm3) Melting temperature (◦C) Transformation temperature into Form I (◦C)

I 1.499 (Kruger and Gafner, 1972) 200–202 (Lagas and Lerk, 1981; Anwar
et  al., 1989; Mesley, 1971; Anderson
et  al., 2001; Zeitler et al., 2006)

–

II  1.550 (Kruger and Gafner, 1971) 173–175 (Grove & Keenan, 1941;
Anwar et al., 1989; Apperley et al.,
1999)

150–170 (Anwar et al., 1989); 138 (Zeitler et al., 2006)

III  1.567 (Kruger and Gafner, 1971) 173 (Miyazaki, 1947; Anwar et al.,
1989; Lagas and Lerk, 1981; Shenouda,
1970; Moustafa and Carless, 1969)

105–170 (Lagas and Lerk, 1981);

175 (Apperley et al., 1999) 150–170 (Anwar et al., 1989); 159 (Zeitler et al., 2006)
IV 1.595 (Babilev et al., 1987) 179 (Shenouda, 1970); 175 (Apperley 160 (Zeitler et al., 2006)

d Lerk
son et

(
t
t

3

t
a
m
R
r

t
u
r
c
v
B
p
I
p
t
a

4

4

o
a

T
M

et al., 1999)
V  1.510 (Hughes et al., 1999) 196–197 (Lagas an

et  al., 1989; Ander

2005),  who detected the presence of a small portion of Form V
ogether with Form I and Form III, no other researchers reported
he formation of Form V from n-propanol.

. Solid-state characterisation of sulfathiazole polymorphs

Numerous characterisation methods, which vary from tradi-
ional to advanced instrumentations, have been utilised to examine
nd differentiate between different sulfathiazole polymorphs. The
ethods and the corresponding literature are presented in Table 7.

esults of some of these solid-state characterisation studies are
eferred and compared accordingly with the present work.

Table 8 shows literature calculated density values for each of
he sulfathiazole polymorphs. The values were obtained from the
nit cell dimensions and mass. Since the most stable structure cor-
esponds to the one with the most efficient packing, which in turn
orresponds to the structure with the highest density, the density
alues can be used to rank the relative stability of the polymorphs.
ased on the values; the ranking of the stability of the sulfathiazole
olymorphs at ambient conditions is in the order of Form IV > Form

II > Form II > Form V > Form I. The melting and transformation tem-
eratures obtained from the literature, as shown in Table 8, indicate
hat at high temperature, Form I is the most stable polymorph since
ll other forms transformed to Form I above 105 ◦C.

. Experimental

.1. Materials
Sulfathiazole was purchased from Sigma–Aldrich with a purity
f 98%. Based on the results of XRPD analysis, the received sulfathi-
zole is a mixture of Form III, Form IV and the amorphous form. The

able 9
ethods to produce different polymorphs of sulfathiazole.

Method no. Polymorph to be produced Proced

1. Form I Based
2.4 g o
dissol

2.  Form II Based
6.0 g o
dissol

3.  Form III Based
3.0 g o
dissol

4. Form IV Based
(3.0 g 

doubl
5. Form V Based

200 g 
, 1981; Anwar
 al., 2001)

When Form V melts it immediately recrystallises into
Form I (Lagas and Lerk, 1981)

solvents used are sec-butanol, acetonitrile, isopropanol and deion-
ized water. Except water, all other solvents were analytical reagent
grade purchased from Fisher Scientific.

4.2. Solubility measurements

The solubilities of sulfathiazole in the respective solvents were
determined at temperatures ranging from 25 ◦C to 70 ◦C using
isothermal method (Myerson, 2002).

4.3. Crystallisation of sulfathiazole polymorphs

Different polymorphs were generated using the methods shown
in Table 9. Methods 1–4, which utilised unseeded cooling crys-
tallisations, were performed in a jacketed 500 mL  glass vessel. The
temperature in the vessel was controlled with a PTFE sheathed
thermocouple connected to a thermo fluid circulator bath (Huber
Variostat CC-415 vpc). The temperature readings were recorded
every 20 s on a computer by a control interface written in LabVIEW
(National Instruments). An overhead stirrer with a PTFE four pitch-
bladed turbine was used to agitate the system between 220 and
320 rpm. The agitation speed was  reduced to 150 rpm after nucle-
ation in order to minimize damage to the crystals. An FBRM probe
(model D600, Lasentec) was  inserted into the solution to mea-
sure chord length distributions. The distributions were collected
every 20 s and averaged during collection. They were monitored
using the FBRM control interface software (version 6.7). The UV
system used was a Zeiss MCS621 spectrometer with a CLD600
lamp module. Absorbance spectra were obtained through a Hellma

661.822 Attenuated Total Reflectance (ATR) UV/vis probe, which
was  directly immersed in the solution. The spectral range was
242–360 nm,  and a spectrum of the solution was recorded every
20 s using a data acquisition software, Aspect Plus (version 1.76).

ure

 on Method 6, Table 2. A saturated solution at 70 ◦C was prepared by heating
f sulfathiazole in 300 g of sec-butanol in a 0.5 L double jacketed crystalliser to
ution, followed by natural cooling to 20 ◦C.

 on Method 8, Table 3. A saturated solution at 60 ◦C was prepared by heating
f sulfathiazole in 240 g of acetonitrile in a 0.5 L double jacketed crystalliser to
ution, followed by natural cooling to 20 ◦C.

 on Method 9, Table 4. A saturated solution at 70 ◦C was prepared by heating
f sulfathiazole in 240 g of isopropanol in a 0.5 L double jacketed crystalliser to
ution, followed by natural cooling to 25 ◦C.

 on Method 2, Table 5. A saturated aqueous solution of sulfathiazole at 80 ◦C
in 300 g water) was  cooled rapidly to 4 ◦C at a set rate of 10 ◦C/min in a 0.5 L
e jacketed crystalliser.

 on Method 1, Table 6. A saturated aqueous solution of sulfathiazole (4.0 g in
water) was boiled to evaporate in a beaker on a hot plate until almost dry.
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Table 10
Van’t Hoff equations for sulfathiazole in various solvents.

Solvent Van’t Hoff equation

sec-Butanol C = 3.52 × 105e−4479/T

Acetonitrile C = 1.03 × 105e−3503/T

Isopropanol C = 0.68 × 105e−3845/T

Water C = 16.58 × 105e−5185/T
Fig. 2. A schematic representation of the experimental set-up.

 schematic representation of the experimental set-up is shown in
ig. 2. Method 5, which involved evaporative crystallisation, was
erformed in a 250 mL  glass beaker on a Stuart CB162 heat-stir
late (Bibby Sterlin Ltd.). At the end of the crystallisation runs, the
rystallised solids were vacuum filtered and subsequently, those
rystals obtained from water, were immediately dried in a hot air
ven at 105 ◦C for 15 min, whereas crystals obtained from other
olvents were dried in a desiccator.

.4. Characterisation of sulfathiazole polymorphs

Optical microscopy – the morphology of the crystals was
bserved using a Leica DMLM microscope. The captured micro-
copic images were analysed using Leica QWin (Leica Microsystems
igital Imaging).

SEM – samples were sparsely sprinkled onto carbon tape
ttached to metal stubs before thinly being coated with gold. The
amples were then imaged using an SEM (Cambridge Streoscan
60) fitted with an Inca X-Sight (Oxford Instruments) detector. An
ccelerating voltage of 10 kV was used during imaging.
DSC – the thermal behaviour of the polymorphs was examined
sing a TA Instruments DSC Q10. About 8 mg  of sample was  weigh

nto an aluminium pan and sealed hermetically. Analysis was  car-
ied out by heating the sample from 100 to 240 ◦C at a heating

Acetonitrile
y = -3503x + 11.5
R2 = 0.99

Water
y = -5185x + 14. 3
R2 = 0.97

sec -butanol
y = -4479x+ 12. 8
R2 = 0.99

Isopropanol
y = -3845x + 11.1
R2 = 0.98

-3.5

-2.5

-1.5

-0.5

0.5

0.0029 0.003 0. 0031 0. 0032 0.0033 0.0034 0.0035

1/T (K-1)

ln
C

ig. 3. Linearised van’t Hoff solubility curves for sulfathiazole in sec-butanol, ace-
onitrile, isopropanol and water.
rate of 10 ◦C/min under constant purging of nitrogen at 40 mL/min.
An empty aluminium pan was used as a reference in all the runs.
Results were analysed using TA Instruments Universal Analysis
2000.

TG – a PerkinElmer Pyris 1 TGA system was used for the TG
analysis of the polymorphs. The analysis was conducted by heating
the sample with a weight range of 2–10 mg  from 25 ◦C to 200 ◦C at
a constant heating rate of 10 ◦C/min.

HSM – the thermal behaviour of the polymorphs was  visually
examined using a Mettler Toledo FP90 hot-stage system and a Leica
DMLM microscope with a 10× objective lens from 100 to 250 ◦C at a
heating rate of 10 ◦C/min. Microscopic observations during exper-
iments were displayed on a computer screen and recorded using a
JVC colour video camera.

FT-IR spectroscopy – FT-IR spectra of the polymorphs were
acquired using a Shimadzu FT-IR-8400S system at room tempera-
ture (approximately 25 ◦C). Spectra over a range of 4000–600 cm−1

with a resolution of 2 cm−1 were recorded using potassium bro-
mide (KBr) discs. The discs were prepared earlier by mixing
approximately 2 mg  of sample in 300 mg  of KBr (IR spec-
troscopy grade purchased from Fisher Scientific) and grinding
them together using pestle and mortar. The resulting powder
mixture was  then pressed into disc using a laboratory hydraulic
press.

XRPD – the XRD data were collected on powdered samples using
a Bruker D8 X-ray powder diffractometer. The instrument used
monochromated CuK�1 radiation and a position sensitive detector
(PSD). Samples were mounted in Perspex flat plate sample hold-
ers and analysed through a 2� range of 5–35◦ using a step size of
0.014767◦ over a period of 60 min  at a constant temperature of
25 ◦C. Theoretical diffraction patterns generated using the ATOMS
5.0 programme from the crystallographic data of each polymorph
obtained from the CSD are used as reference data.
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Fig. 4. Experimental solubility points (shown as markers) and the corresponding
van’t Hoff solubility curves for sulfathiazole in sec-butanol, acetonitrile, isopropanol
and water. Solid lines represent van’t Hoff solubility curves.
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ig. 5. Profiles of temperature, FBRM total number of counts/s and UV absorbance
nd  (d) Method 4.

. Results and discussion

.1. Solubility measurements

The obtained solubility data for sulfathiazole in sec-butanol, ace-
onitrile, isopropanol and water were used to construct linearised
an’t Hoff solubility curves, as presented in Fig. 3. Linear regression
nalysis of the curves gave R-squared values between 0.97 and 0.99,
hich indicates the consistency and reliability of the experimental

olubility data.
Based on van’t Hoff equation, a plot of ln C against 1/T  should

ive a straight line with a slope of (− �Hf/R) and an intercept of
�Hf/RTf), where C is the concentration of the solute in the solu-
ion, �Hf is the molar enthalpy of fusion of the solute, R is the gas
onstant, Tf is the fusion temperature of the solute (K) and T is the
olution temperature (K). For simplicity, the slope and intercept
re now referred to as a and b, respectively. Rearrangement of the
quation gives:

 = eb × ea/T (1)

The coefficients of the best-fit linear equations of the curves
n Fig. 3 were substituted into Eq. (1) to relate concentration to
bsolute temperature as presented in Table 10.

Based on the equations in Table 10,  van’t Hoff solubility curves
ere plotted along with the experimental solubility points, as

hown in Fig. 4. It can be inferred from the position of the
olubility curves in the figure that the relative solubility of

ulfathiazole in the selected solvents is in the order of acetoni-
rile > isopropanol > sec-butanol > water. The solubility values of
ulfathiazole in sec-butanol and water at 30 ◦C were reported by
iguchi et al. (1967) as 0.149 g/100 g and 0.114 g/100 g, respec-
1 nm during cooling crystallisations for (a) Method 1; (b) Method 2; (c) Method 3,

tively. The values obtained in this work, however, are found to
be 0.134 g/100 g and 0.061 g/100 g, respectively. Although deviates
by almost 87% from Higuchi et al.’s, the solubility of sulfathiazole
in water at 30 ◦C obtained in this work agrees well with the one
extracted from the solubility curve given by Khoshkhoo and Anwar
(1993),  i.e. 0.066 g/100 g. The discrepancy between the solubility
data is probably due to the difference in polymorphic form of the
crystals. Based on the extensive literature review, this is the first
time the solubility data for sulfathiazole in acetonitrile and iso-
propanol have been reported.

5.2. Crystallisation of sulfathiazole polymorphs

UV absorbance spectra at the highest peak, 291 nm,  as marked
by a dashed line in Appendix A, were used directly to qualita-
tively indicate the change of sulfathiazole concentration during
the crystallisation processes, with the assumption that the
absorbance is directly proportional to the concentration. Although
the absorbance is also affected by the temperature; however, very
often the impact can be differentiated easily from those of the
nucleation, dissolution and polymorphic transformation events,
which are normally characterised by the sudden change in the
absorbance. The ATR-UV spectroscopy has been used quantitatively
for the in situ monitoring and detection of nucleation event (Billot
et al., 2010; Abu Bakar et al., 2009; Simon et al., 2009; Nagy et al.,
2007; Anderson et al., 2001), as well as the polymorphic transfor-
mation (Howard et al., 2009; Nagy et al., 2007; Gillon et al., 2006).
The profiles of temperature, FBRM total number of counts/s and
UV absorbance at 291 nm for cooling crystallisations performed
in Method 1, Method 2, Method 3 and Method 4 are shown in
Fig. 5. The temperature profile of the natural cooling was  pre-
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Fig. 6. Optical microscopy and SEM images of crystals obtained from 

etermined from the actual natural cooling experiment performed
n a 250 mL  conical flask from 80 ◦C to ambient temperature, which

as 25 ◦C. As can be observed in Fig. 5(a) for Method 1, when
he system reached approximately 48 ◦C upon cooling, the FBRM
otal number of counts/s showed a sudden increase while the
bsorbance showed a sudden drop, which indicates the occurrence
f nucleation event. Since the solution was prepared to be satu-

ated at 70 ◦C, the metastable zone width (MSZW) of the system
as calculated to be 22 ◦C. Once the number of counts/s even-

ually stabilized at approximately 3500 counts/s, the absorbance
ontinued to drop slowly. This indicates that the growth domi-
thod 1; (b) Method 2; (c) Method 3; (d) Method 4; and (e) Method 5.

nated process has taken over the nucleation dominated phase of
the process. A similar trend was  also shown by the crystallisation
processes for Method 2, Method 3 and Method 4 as can be seen
in Fig. 5(b), (c) and (d), respectively. In these cases, the nucleation
events were detected at approximately 31 ◦C for Method 2, 50 ◦C
for Method 3, and 75 ◦C for Method 4 which gave the MSZWs  of
29 ◦C, 20 ◦C and 15 ◦C, respectively. It can also be observed that

prior to all the nucleation events, the absorbance was  increas-
ing on cooling, which is due to the effect of temperature change.
In a solution at constant concentration, the absorbance gener-
ally increases with decreasing temperature. Hence for quantitative
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Fig. 7. DSC and derivative TG curves of crystals obtained by (a) M

oncentration measurement, the temperature effect has to be
aken into account in the calibration as described in the previous
ork (Abu Bakar et al., 2009).

In addition to the provision of the clear and adequate initial
rystallisation conditions, such as solute concentrations and tem-
eratures, the in situ monitoring and thorough recording of the
rocess properties in real-time would define the design range of the

rocess parameters (temperature, FBRM total number of counts/s
nd UV absorbance) that has been demonstrated to provide the
equired crystal quality. By operating within this design range, the
rystals can be reproduced with the same desired quality.
 1; (b) Method 2; (c) Method 3; (d) Method 4, and (e) Method 5.

5.3. Characterisation of sulfathiazole polymorphs

5.3.1. Optical microscopy and SEM
Fig. 6 shows the optical microscopy and SEM images of crys-

tals produced by (a) Method 1; (b) Method 2; (c) Method 3;
(d) Method 4; and (e) Method 5. Based on the images given by
these two microscopy techniques, the morphology of the crys-

tals can be accurately described. It was found that the crystals
that were recrystallised from sec-butanol (Method 1), as shown in
Fig. 6(a), have a rod-like structure with an average length of approx-
imately 400 �m.  Form I crystals are normally reported to exhibit
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Fig. 9. Images of crystals obtained by Method 2 during HSM analysis taken at (a)
ig. 8. Images of crystals obtained by Method 1 during HSM analysis taken at (a)
0.0 ◦C; (b) 199.4 ◦C; (c) 200.4 ◦C; and (d) 200.7 ◦C. The scale bars represent 200 �m.

his morphology regardless of the crystallizing solvent (Blagden
t al., 1998; Parmar et al., 2007). This, according to Blagden and
o-workers, implies that the available solvent–surface interactions
annot inhibit the growth of the fastest growing {0 1 0} faces. The
rystals produced by Method 2, in which acetonitrile was the crys-
allizing solvent, were found to exhibit a mixture of morphology:
ectangular plates and truncated rectangular rods as can be seen
n Fig. 6(b). Images in Fig. 6(c) show that the crystals produced
rom isopropanol (Method 3) generally have a rod-like morphology,
lthough the presence of square plate crystals was also observed.
ccording to the work of Parmar et al. (2007),  sulfathiazole initially
rystallised from isopropanol as needles and very small square
lates. The square plates then grew in size and the needles van-

shed. They also reported that the rate of crystal growth was  slow
nd this may  explain the appearance of the crystals produced in this
ork, which is mostly rod-like since the crystals were suspended

n the crystallising solvent for only about 150 min. The morphology
f the crystals obtained from water by fast cooling crystallisation
Method 4), shown in Fig. 6(d), can be categorized as a mixture of
quare and hexagonal plates. This is consistent with that reported
n the literature for Form IV crystals (Blagden et al., 1998). On the
ther hand, the crystals obtained from water by evaporative crys-
allisation (Method 5), with their images presented in Fig. 6(e), were
ound to be irregular-shaped plates. Since the morphology of crys-
als depends very much on the crystallising solvent, as well as other
actors including the degree of supersaturation and the state of agi-
ation of the crystallisation system, morphology is not normally
sed to differentiate between polymorphs.

.3.2. DSC, TG and HSM
The curves of the DSC and TG, and some snapshots during HSM

nalysis of the crystals obtained by Method 1 are presented in
ig. 7(a) and Fig. 8, respectively. The DSC curve shows one endother-
ic  peak with an onset temperature of 201.6 ± 0.4 ◦C and a latent

eat of 109.3 ± 5.9 J/g. It is widely known that Form I is the most
table sulfathiazole polymorph at high temperature and for the
eating at 10 ◦C/min, it was reported to melt at a temperature
etween 200 ◦C and 202 ◦C (Lagas and Lerk, 1981; Anwar et al.,

989; Mesley, 1971; Anderson et al., 2001; Zeitler et al., 2006) and
eleased a latent heat of fusion between 81.8 J/g and 108.5 J/g (Lagas
nd Lerk, 1981; Zeitler et al., 2006). Although a melting event should
ot be detected by TG, however, as can be observed from Fig. 7(a),
41.9 ◦C; (b) 151.0 ◦C; (c) 156.7 ◦C; (d) 173.3 ◦C; (e) 182.0 ◦C; and (f) 201.7 ◦C. The scale
bars represent 200 �m.

the obtained derivative TG curve shows a very small weight change
at approximately the same temperature as the melting peak on the
DSC curve. This is probably due to the loss of trapped solvent or
sublimation of sample during the melting process. The HSM anal-
ysis was  found to agree very well with the results of the DSC and
TG analyses. As shown by the snapshots of the crystals during the
HSM analysis in Fig. 8(c), most of the crystals started to melt when
the hot-stage temperature reached 200.4 ◦C. A complete melting of
the crystals was observed slightly above 200.7 ◦C, as can be seen in
Fig. 8(d). The absence of other thermal events prior to the melting
of Form I, as shown by all three thermal analysis methods, indicates
that Method 1 is a reliable method to produce pure Form I crystals.

The DSC and derivative TG curves of the crystals obtained by
Method 2 are shown in Fig. 7(b), while some snapshots of the crys-
tals during HSM analysis are presented in Fig. 9. The DSC curve
shows the presence of two major and one minor endothermic
peaks. The first major peak at an onset temperature of 155.2 ± 0.6 ◦C
and a latent heat of 21.1 ± 2.1 J/g was  contributed by the change in
the optical properties of the crystals, as shown by the difference
in the brightness of the highlighted crystals between (b) and (c)
in Fig. 9, which can be associated with a solid-solid transformation
event. It was reported that a transformation from one polymorph to
another could be accompanied by a striking change in birefringence
(Miller and Sommer, 1966). The temperature of the presumed
transformation event observed in this work is consistent with a
previous report. Anwar et al. (1989) reported that Form II crystals
may transform into Form I in a temperature range of 150–170 ◦C.
Zeitler et al. (2006),  on the other hand, reported a slightly lower

transformation temperature, i.e. 138 ◦C and a higher heat of trans-
formation, i.e. 32.4 J/g. The derivative TG curve in Fig. 7(b) shows an
increase in the rate of weight change between 131 ◦C and 165 ◦C,
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Fig. 10. Images of crystals obtained by Method 3 during HSM analysis taken at (a)
42.3 ◦C; (b) 140.1 ◦C; (c) 149.9 ◦C; (d) 173.9 ◦C; (e) 201.1 ◦C; and (f) 201.6 ◦C. The scale
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heat of 19.0 ± 1.9 J/g was  contributed by a possible polymorphic
transformation, which was  indicated by a slight movement of some
of the crystals during HSM analysis as shown by the highlighted
crystals in Fig. 10(b) and (c). Besides an optical property change,
ars represent 200 �m.

hich is almost in the same vicinity as the first DSC peak. Since the
alculated mole fraction of the solvent presents in the sample is
ery small, i.e. 0.0035; there is no reason to suppose that the crys-
als are solvates. The change in the weight was believed to be due to

 polymorphic transformation. The transformation involves rear-
angement of the crystal structures and in doing so may  remove
ome volatile impurities that are trapped in the structures. The
napshots of the crystals during the HSM analysis in Fig. 9(d) and
e) show that all crystals, except those that had undergone optical
roperty change, melted between 173.3 ◦C and 182.0 ◦C. This event,
owever, only registered as a minor endothermic peak at 172.9 ◦C
ith a latent heat of 0.2 J/g on the DSC curve, which suggests that

nly small quantity of crystals were involved. The melting of Form
I at a temperature between 173 ◦C and 175 ◦C has been reported by
revious researchers (Grove & Keenan, 1941; Anwar et al., 1989).
he melting of the remaining crystals at 201.7 ◦C, as shown by the
SM analysis in Fig. 9(f), is consistent with the second major peak
n the DSC curve, which lies at an onset of 201.9 ± 0.0 ◦C with a
atent heat of 109.9 ± 1.7 J/g. The results of the DSC, TG and HSM
nalyses imply that some of the crystals obtained by Method 2
ave transformed to Form I in a temperature range of 155.2–165 ◦C.
hose crystals that were not transformed melted at a temperature
etween 172.9 ◦C and 173.3 ◦C, while the newly formed Form I crys-
als melted at a temperature between 201.7 ◦C and 201.9 ◦C. This
s actually one of the two reasonable explanations suggested by
nwar et al. (1989),  who also observed similar behaviour exhibited
y sulfathiazole crystals other than Form I and Form V. Another

xplanation is that two polymorphs were initially formed; one
elted at a temperature between 172.9 ◦C and 173.3 ◦C and another

ransformed to Form I in a temperature range of 155.2–165 ◦C.
Fig. 11. Images of crystals obtained by Method 4 during HSM analysis taken at (a)
41.2 ◦C; (b) 162.5 ◦C; (c) 168.3 ◦C; (d) 180.8 ◦C; (e) 202.8 ◦C; and (f) 203.3 ◦C. The scale
bars represent 200 �m.

The DSC curve of the crystals obtained by Method 3 presented in
Fig. 7(c) demonstrates the presence of two endothermic peaks. The
first peak with an onset temperature of 142.3 ± 0.4 ◦C and a latent
Fig. 12. Images of crystals obtained by Method 4 immersed in silicon oil during HSM
analysis taken at (a) 42.3 ◦C; (b) 120.1 ◦C; (c) 121.4 ◦C; and (d) 129.2 ◦C. The scale bars
represent 200 �m.
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Fig. 13. TG and derivative TG cu

 polymorphic transformation may  also result in a movement of
he crystals since the transformation events may  be accompa-
ied by a change in the crystals’ volume (Warrington, 2002). The
emperature of the transformation event observed in this work
ies within the 105–170 ◦C range, in which Form III crystals may
ransform into Form I, as reported by Lagas and Lerk (1981),  but out-
ide the 150–170 ◦C range reported by Anwar et al. (1989).  Zeitler
t al. (2006) also reported a higher transformation temperature, i.e.
59 ◦C and a higher heat of transformation, i.e. 27.3 J/g. The deriva-
ive TG curve in Fig. 7(c) indicates an increase in the rate of weight
hange between 130 ◦C and 155 ◦C. The increase corresponds well
ith the endothermic peak that is associated with the polymor-
hic transformation. The mole fraction of the solvent presents in
he sample was calculated to be 0.0023; too small to consider the
rystals as solvates. The second peak on the DSC curve has an onset
emperature of 201.8 ± 0.1 ◦C and a latent heat of 102.9 ± 7.5 J/g
as the result of the melting of Form I crystals. The melting was

onfirmed by the HSM analysis, as shown in Fig. 10(f), Although
he HSM analysis showed the melting of a few tiny crystal frag-

ents at 173.9 ◦C, as highlighted in Fig. 10(d), the DSC curve does
ot show any melting peak in the vicinity of that temperature, due
o either a negligible impact of the event on the overall thermal
rocess or a complete absence of the melting species in the DSC
amples. However, both results are consistent with the reports by
he previous researchers (Miyazaki, 1947; Anwar et al., 1989; Lagas
nd Lerk, 1981; Shenouda, 1970; Moustafa and Carless, 1969) about
he behaviour of Form III crystals during thermal analysis, which
ere summarized by Anwar et al. (1989) as either melted at 173 ◦C,

r transformed to Form I between 150 ◦C and 170 ◦C before melting
t 201 ◦C, or showed a combined behaviour. The single melting at
73 ◦C was postulated to be obtained only if the crystals are purely
orm III (Lagas and Lerk, 1981). If the slightest amount of Form

 was present, some, if not all Form III crystals will transform to
orm I. Since Form I is expected to always be initially crystallised
n accordance to the Ostwald’s Rule of Stages, the likelihood of the
ontamination of the crystallisation product with Form I is very
igh. In general, the results of the DSC, TG and HSM indicate that

ethod 3 was able to produce Form III crystals. If the suggestion by

he previous researchers about the effect of the presence of Form I
n the transformation of Form III is true, then Method 3 also pro-
uced Form I crystals along with Form III crystals. The presence or
f crystals obtained by Method 4.

absence of Form I crystals can be confirmed by the XRPD analysis,
as shown later.

The results of the DSC and TG analyses of the crystals obtained
using Method 4 are presented in Fig. 7(d). Three endothermic peaks
are shown by the DSC curve. The first peak was formed at an
onset of 118.9 ± 0.0 ◦C, the second at 160.8 ± 2.3 ◦C and the third
at 201.8 ± 0.2 ◦C. Their enthalpies are 1.3 ± 0.6 J/g, 24.9 ± 0.9 J/g and
115.6 ± 4.2 J/g, respectively. The HSM analysis, however, only con-
firmed the last two  events as shown by the snapshots of the crystals
during the HSM analysis in Fig. 11.  A polymorphic transformation
was  detected at 168.3 ◦C based on the optical property change of
the highlighted crystals in Fig. 11(b) and (c). This is consistent with
the second peak on the DSC curve. The transformation of Form
IV crystals to Form I was also detected by Zeitler et al. (2006) at
almost the same onset temperature, i.e. 160 ◦C, but it produced
a slightly higher heat, i.e. 29.5 J/g. The HSM detected a melting
event at 180.8 ◦C, as shown by the highlighted crystal fragments
in Fig. 11(d). This event may  be too small to be detected by the DSC,
or the melting species was  not present in the DSC samples. The
temperature of the melting was  slightly higher than those found
previously (in crystals obtained by Method 2 and Method 3), but
Shenouda (1970) have also reported melting events at 179 ◦C, given
by the DSC analysis. Form IV, as well as Form II and Form III, have
been reported to melt in the vicinity of 175 ◦C (Apperley et al.,
1999). The melting of Form I crystals was  shown by the HSM at
203.3 ◦C as depicted in Fig. 11(f). This is consistent with the third
peak on the DSC curve. In contrast to the result of the DSC anal-
ysis, no thermal event was  detected by the HSM in the vicinity of
118.9 ◦C. It was reported recently that the DSC peak that lies in the
vicinity of that temperature corresponds to the dehydration of a
hydrate (Howard et al., 2009). In order to confirm the presence of
hydrates, the crystals were heated while immersed in silicone oil.
Some of the images during the analysis were presented in Fig. 12.
It was found that some bubbles were liberated at 120.1 ◦C, as high-
lighted in Fig. 12(b). The evolution and movement of these bubbles
were seen in the subsequent snapshots in (c) and (d) in Fig. 12.
This liberation of bubbles is believed to correspond to the escape of

water vapor during the vaporization process, which would never
be visually detected without the use of oil.

The derivative TG curve as shown in Fig. 7(d) indicates the
removal of volatile impurities between 106 ◦C and 171 ◦C, which



M.R. Abu Bakar et al. / International Journal of Pharmaceutics 414 (2011) 86– 103 99

F
4

r
p
B
t
s
1
a
i
o
i
p
a
a
b
t
I

b
e
w
w
s
e
c
A
1
1
c
s
i
o
p
e
c
w
w
2
a
a
t
t
s

6001000150020002500300035004000

Wavenumber (cm-1 )

Wavenumber (cm-1 )

%
 T

ra
ns

m
itt

an
ce

34663368
2351

3325

3325

3354

3353

1906

1906

3447

Method 1

Method 2

Method 3

Method 4

Method 5

6008001000120014001600

%
 T

ra
ns

m
itt

an
ce

1333 1184 1009
858

854

854

858

854

829

820

820

820

820

640

644

712

704

704

700

698 646

648

648

1015

10151003

1015

10131179

1177

1177

1184

1312

1300

1300

1300

1306 1300

Method 1

Method 2

Method 3

Method 4

Method 5

(a)

(b)

The FT-IR spectrum of the crystals obtained by Method 5, on
ig. 14. Images of crystals obtained by Method 5 during HSM analysis taken at (a)
6.6 ◦C; (b) 196.5 ◦C; (c) 198.2 ◦C; and (d) 201.8 ◦C. The scale bars represent 200 �m.

equires close examination. For this reason, the curve was  re-
lotted together with the TG curve and they are presented in Fig. 13.
elow 200 ◦C, the curves can be divided into three parts according
o different reactions: (A) 106–129 ◦C: dehydration of a hydrate
pecies called isolated site hydrate with loosely bound water; (B)
29–153 ◦C: dehydration of tightly bound water from the sulfathi-
zole hydrate; and (C) 153–171 ◦C: removal of the trapped volatile
mpurities due to polymorphic transformation. The mole fraction
f the solvent removed by the dehydration processes (A and B)
s calculated to be 0.0206, while that removed by the polymor-
hic transformation is 0.0024. The results of the DSC, TG and HSM
nalyses indicate that some of the crystals obtained by Method 4
re hydrates, while some transformed to Form I at a temperature
etween 160.8 ◦C and 168.3 ◦C. Those few crystals that have not
ransformed to Form I, melted at 180.8 ◦C. The newly formed Form

 melted at a temperature between 201.8 ◦C and 203.3 ◦C.
Results of the DSC and TG analyses of the crystals obtained

y Method 5 are shown in Fig. 7(e). The DSC curve shows two
ndothermic peaks. The onset of the first peak is at 196.5 ± 0.1 ◦C,
hile that of the second is at 202.0 ± 0.0 ◦C. Two thermal events
ere also shown by the HSM analysis. It can be seen from a snap-

hot of the crystals during HSM analysis in Fig. 14(c) that all crystals,
xcept the highlighted ones, melted at 198.2 ◦C. The highlighted
rystals started to melt at 201.8 ◦C, as can be observed in Fig. 14(d).

 complete melting of Form V crystals at a temperature between
96.0 ◦C and 196.5 ◦C was previously reported (Lagas and Lerk,
981; Anwar et al., 1989), but this would only be observed if the
rystals were very pure. According to Lagas and Lerk (1981),  if the
lightest amount of Form I was present, Form I crystallised dur-
ng the melting of Form V, which was indicated by the appearance
f an exothermic peak immediately after the endothermic melting
eak and before the newly formed crystals melted. The presumed
xothermic crystallisation peak was also observed in this work, as
an be seen in Fig. 7(e). The presence of two melting peaks in this
ork is consistent with the work of Anderson et al. (2001).  In their
ork, the melting peaks were observed at the onsets of 197 ◦C and

02 ◦C. In addition to the two melting peaks at the onsets of 197 ◦C
nd 201 ◦C, Zeitler et al. (2006) detected another endothermic peak
t 156 ◦C. The derivative TG curve in Fig. 7(e) shows the increase in

he rate of weight change started at the temperature corresponding
o the onset of the first DSC melting peak, i.e. 196.5 ◦C. These results
how that Method 5 has successfully produced crystals of Form V
Fig. 15. FT-IR spectra of crystals obtained from Method 1, Method 2, Method 3,
Method 4 and Method 5 arranged in order from top to bottom between (a) 600 and
4000 cm−1 and (b) 600 and 1600 cm−1.

(that melted at 196.5 ◦C), but some of them have transformed to
Form I undetected at some points during heating, or as suggested by
Lagas and Lerk (1981) have melted and immediately recrystallised
as Form I. However, there is also a possibility that Form I has formed
together with Form V from the beginning; which is based on the
suggestion by Lagas and Lerk (1981) that the presence of Form I
may  induce the recrystallisation of Form I from the melt of Form V.

5.3.3. FT-IR spectroscopy
The FT-IR spectra (600–4000 cm−1) and (600–1600 cm−1) of

crystals obtained by all methods are presented in Fig. 15.  The spec-
tra are sufficiently distinct to characterise crystals obtained by
Method 1 and Method 5 only; the others, however, are practically
indistinguishable. As can be observed in Fig. 15(a), the presence
of bands at 3466 and 3368 cm−1 is unique for the spectrum of the
crystals obtained by Method 1. Although slightly shifted, the bands
are consistent with the NH2 bands in Form I that occurred at 3460
and 3355 cm−1, as reported by Mesley (1971).  They are also con-
sistent with the characteristic bands for Form I crystals identified
by Burger and Dialer (1983) at 3365 cm−1, as well as with those
identified by Anderson et al. (2001) at 3462 and 3355 cm−1.
the other hand, is found to possess distinctive bands at 3447 and
3418 cm−1. They are very close to the characteristic bands for
Form V crystals at 3345 and 3417 cm−1 as reported by Anderson
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ig. 16. XRPD patterns of crystals obtained from Method 1, Method 2, Method 3,
ethod 4 and Method 5 arranged in order from top to bottom. A vertical dash-line

o assist in the observation for the presence of peaks at 11◦ 2�.
t al. (2001).  One of the bands also matched the characteristic
and of Form V crystals reported by Burger and Dialer (1983) at
445 cm−1. A further examination of the FT-IR spectra in the range
f 600–1600 cm−1, presented in Fig. 15(b), also revealed the dis-
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tinctive patterns of the spectra given by the crystals obtained by
Method 1 and Method 5. As highlighted in the figure, the distinc-
tive pattern for the crystals obtained by Method 1 are observed
between 1330 and 1290 cm−1, 935–820 cm−1 and 662–630 cm−1,
while those for the crystals obtained by Method 5 are detected
between 1330 and 1290 cm−1, 1017–965 cm−1 and 730–684 cm−1.
It has been reported in the literature that the IR spectra may not
be able to distinguish clearly between sulfathiazole polymorphs
(Hughes et al., 1999), particularly between Form II and Form III
(Anwar et al., 1989). It was  found in this work that, besides being
unable to differentiate between crystals obtained by Method 2,
Method 3 and Method 4, the FT-IR spectra also showed no evidence
of the presence of water in the crystals obtained by Method 4. The
presence of water should show interference from NH2 absorptions
near 3300 and 1650 cm−1 where water absorptions are expected
(Mesley, 1971). The result may  indicate that the presence of water
in the crystals was so small that it escaped detection by the FT-IR.

5.3.4. XRPD
XRPD patterns of the crystals obtained by all five methods are

shown in Fig. 16.  It can be observed that each of the patterns has
its own  distinctive features. Although XRPD is always able to dis-

tinguish unequivocally between different polymorphs, its use in
this work has some challenges. Firstly, the five polymorphs of sul-
fathiazole have very closely related structures, differing only in
the hydrogen bonding arrangements and inter-relation between
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ig. 18. (a) XRPD pattern of crystals obtained from Method 4 in comparison with s
ircled part on the XRPD pattern in (a).

he molecules in the asymmetric unit (Blagden et al., 1998). This
esulted in many of the strong reflections of each polymorph
ie within the same 20–30◦ region, as can be seen in Fig. 16.
ow angle (<20◦) data, where there are fewer overlapping reflec-
ions, therefore contain the most information for distinguishing
etween the different polymorphs. However these may  be rela-
ively weak and hence require careful scrutiny. Secondly, there
s a case called preferred orientation, which is generated when
rystals line up preferentially along particular directions due to
heir morphology. In the case of sulfathiazole, several polymorphs
xist where the crystals have plate-like or rod-like morphology.
latelets typically line up in a stacking sequence, while rods line up
arallel similar to matchsticks in a box. This partially organized
et-up is far from the totally random arrangement of the crys-
als required to observe the expected intensities of the reflections,
hich should be observed based on the unit cell lattice parameters
nd arrangement of the atoms within it. Generally the plate-like
nd rod-like crystals demonstrated preferred orientation along the
ong axis direction, which means these reflections are unexpectedly
trong. However, by using the presence of the reflections, rather
ajor reflections in the reference pattern (Suthaz14); and (b) zoom-out view of the

than their intensity, the occurrence of each polymorph can be
evaluated.

Anwar et al. (1989) and Blagden (2001) have reported that the
pattern of Form I can be distinguished by its characteristic peak
at a 2� value of 11◦. With the assistance of a vertical dash-line, as
shown in Fig. 16,  it can be observed that peaks at 11◦ 2� are only
present on the XRPD patterns of Method 1 and Method 4. The peak
on the latter pattern, however, is so tiny that it may require close
examination. The patterns in Fig. 16 are individually analysed and
discussed in the subsequent paragraphs.

Fig. 17(a) shows the XRPD pattern of the crystals obtained from
Method 1 in comparison with some major reflections (10% rela-
tive intensity) in the XRPD data of Form I (Suthaz01) contributed
by Kruger and Gafner (1972), obtainable from the CSD. It can be
seen from the figure that the pattern of the crystals obtained from
Method 1 concurs very well with the reference data. As previously

mentioned, the characteristic peak of Form I at 11◦ 2� is present on
the pattern. This confirms the results of other characterisation tech-
niques that pure Form I crystals have been successfully produced
by Method 1.
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Fig. 17(b) presents the XRPD pattern of the crystals obtained
rom Method 2 in comparison with the CSD’s XRPD data of Form II
Suthaz10) contributed by Drebushchak et al. (2008).  This data ref-
rence was chosen instead of the earlier one by Kruger and Gafner
1971) because of its better quality of the structure determination.
xcept a reflection at 11.48◦, all other major reflections in the XRPD
attern of the obtained crystals concur very well with those of the
eference data. The reflection at 11.48◦ however corresponds to a
eak at 11.40◦ in the reference data, only that the latter relative

ntensity is only 2% (hence it is not shown in the figure), while the
ormer is 61%. This extreme difference in the relative intensity may
e contributed by the preferred orientation as mentioned previ-
usly. The absence of a peak at 11◦ 2� on the pattern indicates the
bsence of Form I in the sample. Since in this case almost all peaks
n the XRPD pattern of the obtained crystals agree well with the ref-
rence data, it can be confirmed that Method 2 is a reliable method
f producing Form II crystals.

The comparison of the XRPD pattern of crystals obtained from
ethod 3 with the major reflections in the reference data for Form

II (Suthaz12), supplied by Drebushchak et al. (2008) in the CSD,
s presented in Fig. 17(c). In this case, the difference in intensity
s very large; most reflections of the obtained crystals are much
ess intense compared to the reference. Extreme cases may  con-
ribute to the complete absence of a few reflections in the crystals’
RPD pattern, which are present in the reference. However, since
ost of the reflections present in the crystals’ XRPD pattern concur

ery well with those of the reference, particularly at the charac-
eristic reflections of Form III at 18.49◦, 20.03◦, 21.64◦ and 26.90◦,
t confirms that Method 3 has successfully produced Form III crys-
als. Since Form I is not present in the sample as can be inferred
rom the absence of the characteristic peak of Form I at 11◦ 2�, the
ransformation of Form III to Form I crystals, as shown by the DSC
nd the derivative TG curves in Fig. 7(c), can proceed without any
ontamination of Form III with Form I.

The XRPD pattern of crystals obtained from Method 4 as
epicted in Fig. 18(a) also shows that most of its reflections are

ess intense compared to the reference data of Form IV (Suthaz14)
iven by Drebushchak et al. (2008) in the CSD. There is also an
bsence of a few of the reflections in the crystals’ XRPD pattern
hat are present in the reference. Form I is not present in the crys-
als since its characteristic peak at 11◦ 2� is absent from the pattern,
s can be seen from Fig. 18(b), which shows a zoom-out view of the
ircled part on the XRPD pattern in Fig. 18(a). The concurrence of
ost of the reflections in the crystals’ pattern with those of the ref-

rence, particularly at the characteristic reflections of Form IV at
5.42◦, 20.58◦, 22.14◦, 22.18◦ and 25.50◦ as shown in Fig. 18(a),
roves that Method 4 is a reliable method to produce Form IV
rystals.

Fig. 17(d) shows the XRPD pattern of crystals obtained from
ethod 5 together with the CSD’s pattern of Form V (Sut-

az05) contributed by Hughes et al. (1999).  It was found that
he pattern of the crystals under investigation shares the char-
cteristic reflections of Form V at 11.68◦, 13.23◦, 16.01◦, 16.29◦,
0.47◦ and 23.50◦. No peak at 11◦ 2� is observed, which indi-
ates the absence of Form I crystals. Therefore, the possibility
hat Form I has formed together with Form V from the begin-
ing, as suggested earlier, can be eliminated. It can now be
onfirmed that Method 5 is a reliable method to produce Form V
rystals.

In this work, although the normal procedure of grinding samples
o a fine powder to present the crystals in a random orienta-
ion to the incident X-ray beam was followed, the results of the

RPD analysis indicates that no polymorphic transformations had
ccurred. This is in agreement with Anwar et al. (1989),  who  stud-
ed the effect of grinding of a sulfathiazole polymorph on the XRPD
attern. Besides the absence of polymorphic transformation, they
of Pharmaceutics 414 (2011) 86– 103

also found that the XRPD pattern improved significantly with the
increase in grinding.

6. Conclusions

The crystallisations of sulfathiazole polymorphs using selected
literature methods were carried out with their processes monitored
and recorded using FBRM and ATR-UV spectroscopy. Various solid-
state characterisation techniques have been utilised to assess the
success of these crystallisation processes. The results of the ther-
mal  analysis (DSC, TG and HSM), FT-IR spectroscopy and XRPD have
shown that the crystals obtained from Method 1 and Method 5 are
pure Form I and Form V, respectively. For the crystals obtained from
Method 2, Method 3 and Method 4, the results of the thermal anal-
ysis have indicated that some of the crystals have transformed to
Form I in a temperature range of 130–168 ◦C. Those crystals that
were not transformed melted at a temperature between 173 ◦C and
182 ◦C, while the newly formed Form I crystals melted at a tem-
perature between 201.7 ◦C and 203.3 ◦C. The results of the thermal
analysis also indicate that some of the crystals obtained by Method
4 are hydrates. The FT-IR spectra of the crystals obtained by Method
2, Method 3 and Method 4 were found to be identical; therefore it is
not possible to differentiate between them. The obtained XRPD pat-
terns for the crystals obtained by Method 2, Method 3 and Method 4
matched well with the CSD patterns for Form II, Form III and Form
IV, respectively. The patterns also showed the absence of Form I
in the obtained crystals, which indicates the presence of Form I
detected by the thermal analysis was  the result of the polymor-
phic transformation during heating. The results show that all of the
selected crystallisation methods are able to produce the desired
pure polymorphs.

The in situ monitoring and recording of the crystallisation pro-
cesses of the polymorphs allow the design range of the process
parameters that has been demonstrated to produce the desired
crystal quality to be defined. The process parameters in this case
refer to the evolution of the temperature, FBRM total counts/s and
UV absorbance. By operating within the defined design range, the
crystals can be reproduced with a guaranteed quality and mini-
mum risk. The incorporation of the process and product knowledge
into the process design is part of the PAT framework and satis-
fies the Quality-by-Design concept (Wu et al., 2010). The ultimate
aims are to reduce wastage, manufacturing error, time to mar-
ket and costs of drugs. In the context of the present work, it is
hoped that the availability of the defined design range of the pro-
cess parameters will contribute towards the availability of clear
and adequate description of the crystallisation conditions that
are able to consistently produce the intended pure sulfathiazole
polymorph.
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See Fig. A.1.
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