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Abstract

Using a newly developed batch crystallizer (WWDJ-crystallizer) equipped with a slurry sprinkler named Wall Wetter and a double-deck
jacket, a suppression of the solvent-mediated transformation of the metastable polymorphic crystals was attempted. Crystallization of
L-glutamic acid was carried out to show an example of the suppression. The target polymorphic crystals, namely the metastable
crystals were exclusively obtained from the agueous solution without transformation to thedsfabiiepolymorph even at a temperature
where the transformation could not be avoided if a conventional batch crystallizer was used. The characteristic size of crystals obtained
by WWDJ-crystallizer was large and their size distribution was narrow, comparing with those obtained by a conventional crystallizer.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Solvent-mediated transformation is affected by many fac-
tors such as initial supersaturation, agitation rate, kinds and
Many kinds of organic compounds have crystal poly- components of solvent, impurities, etc. Temperature is also
morphs [1-4] which are different in the crystal characteris- animportant parameter to control polymorph formation. The
tics in terms of solubility, dissolution rate, and crystal habit. polymorph transformation rate of taltirelin was increased
A failure in selection of the most suitable polymorphs may with a decrease in temperature [6].
result in serious trouble in industrial processes and in the We have developed a novel batch crystallizer. The crystal-
end use of products. For example it may lead to difficul- lizer, named as WWDJ-batch crystallizer, is equipped with
ties of solid—liquid separation. With particular reference to a double-deck jacket and Wall Wetter that is a slurry sprin-
pharmaceuticals, polymorphs must be strictly controlled as kler. The aim of the present study is to show an example that
they may affect the characteristics of medicines such as stathe crystal polymorph transformation is well suppressed by
bility and bioavailability [5]. Consequently, the control of using the WWDJ-batch crystallizer and that exclusive pro-
polymorphs is an important problem in industrial crystal- duction of metastable crystals can be achieved.
lization. L-glutamic acid was used as a model compound. It is
Under appropriate solvent or mixed solvent conditions well known that the crystal oi-glutamic acid has two
only one polymorph might precipitate, thus excluding other polymorphs, named-form andg-form [7,8]. Both are or-
polymorphs. There is no cause for concern if the precip- thorhombic with a space group of £22;, but their crystal
itate is a target polymorph. However, if several kinds of habits and lattice parameters, and thermodynamic stability
polymorph crystals precipitate and the target polymorph are different [9-11]. Crystal habit of the-form is prefer-
crystal is not stable but metastable, the solvent-mediatedable for solid—liquid separation, because tiidorm crys-
polymorph transformation must be completely suppressedtals are prismatic, while thg-form crystals are needle-like.
in order to avoid contamination of the stable polymorph The o-form crystal is metastable while tigaform crystal
crystals. is stable. The transformation from theform to thep-form
proceeds spontaneously in aqueous solution and is sensitive
to crystallization temperature [8]. In the present study, we
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Fig. 1. Schematic diagram of WWDJ-batch crystallizer and Wall Wetter.

2. Experimental bars with a J-shaped cross-section as also shown in Fig. 1.
The slurry was raised along the channel by centrifugal force
2.1. Materials and crystallizer and sprinkled over the headspace, then fell down the wall.

The working volume of the crystallizer, corresponding to
The L-g|utamic acid used in this experiment was of the volume of the part covered by the lower jacket is 2.01.
reagent grade and was purchased form Wako Pure Chemicafrystallization temperature was controlled by circulating
Industries. water through the double-deck jacket, where the temperature
The WWDJ-batch crystallizer is shown in Fig. 1 [12], ©Of the upper and lower jackets was separately controlled.
and its dimension is shown in Table 1. The crystallizer The temperature in the crystallizer was measured with a
is a cylindrical glass vessel with a round bottom, which Sensor.
was covered with a double-deck jacket. The crystallizer
was equipped with a Wall Wetter that is a slurry sprinkler, 2.2. Crystallization using WD J-crystallizer
namely a device specially designed for agitating a slurry o _
or a solution, and sprinkling it on the wall of the crystal- _ Two modes of crystallization were carried out, namely
lizer headspace. The crystallizer was also equipped with aPWW-mode crystallization and P-mode crystallization.
four-blade impeller on the same shaft of the Wall Wetter PWW-mode crystallization was performed using the WW-
located in the center of the crystallizer. Agitation was pro- DJ-batch crystallizer equipped with the Wall Wetter and
vided by the impeller and also by the Wall Wetter. The Wall @ propeller. P-mode crystallization was performed using a

Wetter adopted in this study was composed of two channel Modified WWDJ-batch crystallizer from which the Wall
Wetter was detached, i.e. in P-mode crystallization the

crystallizer was used as a conventional batch crystallizer
equipped with only a propeller.

PWW-mode crystallization was carried out as follows. A
given amount ofi-glutamic acid was added to 2.0 of dis-

Table 1
Dimension of WWDJ-batch crystallizer

Parameter Dimension tilled water and heated to 8& until completely dissolved.
Inner diameter of crystallizer (cm) 14.0 The pH was 3.2. The solution was quickly introduced into
Height of the upper jacket (cm) 10.0 the WWDJ-crystallizer while the Wall Wetter and the pro-
Height of the lower jacket (cm) _ 17.0 peller were rotating at the same low speed. Agitation was
Height of the space between the two jackets (cm) 20 then adjusted to 290 rpm. The recycling rate of the slurry
hy (cm) 1.2 . .
hy (cm) 9.4 at 290 rpm was 324 ml/min. Crystallization temperature was
hs (cm) 16.3 adjusted to a temperature with water circulating through the
hs (cm) 235 upper and lower jackets.
Volume of solution (1) 2.0 In all crystallization experiments carried out in the
Diameter of propeller (cm) 4.8

present study, the initial concentration ofglutamic acid

Wall Wetter (J-shaped cross-section See Fig. 1
( P ) g was 50 mg/ml.
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2.3. Determination of ratio of the two polymorphs and
concentration of L-glutamic acid

A sample (5ml) of slurry was withdrawn at regular inter-
vals during crystallization. The crystals were immediately
separated by filtration and dried at room temperature in air

and then used for the measurements of the ratio of the two1©

polymorphs. The ratio of the two polymorphs was deter-
mined by powder X-ray diffraction analysis based on their
characteristic peaks §2= 18.3° for the a-form and 2 =
21.4° for the B-form) [8]. Samples were prepared by crush-
ing the crystals into a fine powder and dispersing them on a
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Table 2
Dependency of thex-form ratio in initial precipitates on initial concen-
tration of L-glutamic acid and crystallization temperature

Initial concentration The a-form ratio in initial precipitates (%)
of L-glutamic

10 °C) 20 (C) 30 (C) 40 (C) 50 (C)

acid (mg/ml)
53.9 - - - -
71.1 53.1 521 - -
86.4 62.1 614 51.9 -
40 94.8 784  64.5 54.7 50.1
50 100.0 100.0 81.6 70.1 57.7

a.:unsaturated condition.

glass slide. Samples were measured with a scanning rate of

1°C/min covering the range from 1@o 24°C. The filtrate
was used for the determination ofglutamic acid concen-
tration by UV spectroscopy at 210 nm.

2.4. Determination of crystal size distribution

After a certain crystallization time, the slurry was directed
to a filter through the bottom exit. The crystals on the filter

concentration ofL-glutamic acid. To minimize the effect
of polymorph transformation on the observation of poly-
morphs of initial precipitates, the initial precipitates, which
appeared in trace amounts, were gathered by repeating the
same experiment until a sufficient amount of crystals for
X-ray analysis was obtained.

In Table 2, the ratio of thex-form in the initial precip-
itates was presented in weight percent against the initial

were then washed several times with methanol. This ensuredconcentration ofL-glutamic acid and the crystallization

that agglomeration of crystals did not occur. The washed

temperature. The covering range of the two parameters was

crystals were carefully transferred to a watch glass and dried10-50 mg/ml and 10-50C, respectively. The ratio of the

at room temperature for 12 h. The photographs of dry crys-

o-form crystals in the initial precipitates critically depends

tals thus obtained were taken under the microscope using aon the crystallization temperature. When the initial con-

CCD camera and supplied to crystal size distribution (CSD)
analysis by image processing.

The evaluation function of CSD used in this experiment
is given by the Rosin Rammler Sperling Bennet (RRSB)
distribution [13]

p

o) ]

e

R(Dp) =100 x exp[— ( ()
whereR(Dy) is the weight percentage for crystals retained on
a sieve of aperturBp, De the size of crystals corresponding
to R(Dp) = 36.8% of the product oversize fraction amd
the classification exponent. The larger the valua o, the
narrower the CSD. A graph of In(IR(Dp))) plotted against
In(Dp) gives a straight line using the equation as follows:

ool

R(Dp)

H = nIn(Dp) — nIn(De) ()

Thus theDe andn can be determined.

3. Results and discussion
3.1. Polymorph of the initial precipitates

In order to obtain the fundamental data to produce ex-
clusively the metastable-form crystals, polymorphs of
the initial precipitates were investigated by preliminary
experiments using a conventional 200 ml batch crystallizer
with agitation at 100 rpm. The crystallization was carried
out changing the crystallization temperature and the initial

centration of.-glutamic acid is 50 mg/ml, only the-form
crystals were precipitated at lower than°ZD Contrary to
the result obtained by Kitamura [8] that only theform
crystals precipitated at 2% regardless of the initial su-
persaturation ratio, in the present study thdorm ratio
was significantly affected by the initial concentration of
L-glutamic acid. Unfortunately, we cannot explain the dif-
ference between the present and previous results, but we
know that the initial precipitates are not always metastable
as reported for taltirelin [14] and cimetidine [15,16]. In
the crystallization of taltirelin from the agueous solution
containing 30% methanol, the stable crystals precipitated
despite the addition of the metastable crystals as seeds. In
the crystallization of cimetidine at a low initial supersatura-
tion (S = 1.3-22) [15], contrary to the result in an earlier
paper [5] that only the metastable form is crystallized from
IPA solution, not only the metastable form but also the
stable form was crystallized, corresponding to the form of
seed. Kitamura [8] also reported for the crystallization of
L-glutamic acid at 28C that the crystal recovered from
the stagnant solution was not theform, but a 50/50%
mixture of the a-form and thep-form. Further investi-
gations on the crystallization of polymorphs should be
conducted.

In order to understand totally the effects of the temper-
ature and initial supersaturation on the ratio of théorm
crystals shown in Table 2, a graph of tladorm ratio in pre-
cipitates against '&§/Cs ) was plotted and shown in Fig. 2.
Here theCg, is the solubility of thea-form crystal that
could be expressed by Eq. (3) as a function of the absolute
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The o-form ratio in initial precipitates (dimensionless)
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the crystallization temperature of 16. However, the setting

of the temperature of crystal growth is not so simple. The
crystal growth may be done successfully at the same temper-
ature as that of nucleation, or at a lower temperature, because
at such the low temperature the transformation ottierm

to the B-form is difficult. However, in the present work we
excluded such an operation. Our purpose in the present study
was, as described above, to show that metastable crystals can
be produced with no contamination of stable crystals even
when the crystallization is carried out at a high temperature.
From this viewpoint, we chose a high temperature; G0

as an example. If the crystallization of 50 mg/mgjlutamic

60
0.4_“‘\“‘.\. P B S S R
0 0.5 1 1.5 2 50
o)
In(C/C ) (dimensionless) g [
s EE" 40 |
Fig. 2. The relationship between thefrom crystal ratio in the initial 2 ; i
precipitates and supersaturatiod))(10°C, (@) 20°C, () 30°C, (A) g3 L
40°C, (M) 50°C. 5.9 30r
S E
S 8 [
OB [
temperatureT: :f 20 1
Cso(inmg/ml) = 6.13 x 10 > exp(4.11 x 1072T 3 [
sa(inmg/mb 3 ) @ 10 | The solubility of the @-form crystal at 30°C
TheC/Cs,, is supersaturation ratio with respect to théorm :
crystal. It is shown that their relationship gives a straight line ol , . ,
covering the range of the two parameters described above. 0 0.5 1 1.5 2

Based on the straight line, we obtain theform ratio in
precipitatesf,, as a function of supersaturation as follows:

0.43+ 0.33In ¢ , ¢ <57
CS,oz CSa

F, = (4)

1.0, ( ¢ > 5.7)
CS,OL

These data were used for finding an operational condition

to produce exclusively the metastabldorm crystals.

3.2. Strategy for the exclusive production of metastable
crystals

The strategy for the production of metastable poly-
morph crystals can be expressed as follows. First, nucle-
ation of metastable polymorph crystals must be exclusively
achieved, then those nuclei must be grown under a complete
suppression of their transformation to the stable polymorph.
We attempted to realize this strategy by controlling the
temperature of the two jackets of the WWDJ-crystallizer.

Temperature setting was performed as follows: the nucle-
ation must be performed at a low temperature so that the su-

Time (h)

Fig. 3. The change of concentration during crystallization under Operation
I: (O) PWW-mode crystallization,[(l) P-mode crystallization.

100>

80 |

a-form ratio (%)

20 -

10 15 20 25
Time (h)

persaturation Iarger than 5.7 can be attained (Eq' (4)) SlnceFig. 4. The change of the-from crystal ratio in precipitates during

the crystallization is performed from 50 mg/miaspartic

crystallization under Operation 1) PWW-mode crystallization, [{)
acid solution, the supersaturation ratio of 5.7 corresponds toP-mode crystallization.
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PWW-mode

¥

Crystallization for 16hr Crystallization for 16hr

Fig. 5. Comparison of crystals between P-mode and PWW-mode crystallization under Operation I: prism crystals-d#oenthend needle-like crystals
are theB-form.

Table 3

Process condition of the experiment

Parameter PWW-mode P-mode
Operation | Operation Il

Wall Wetter c o} xPb

Propeller (0] O (0]

Temperature of the lower jacketQ) 36.5 23.3 30.0

Temperature of the upper jackétQ) 16.0 40.0 30.0

Temperature of bulk slurry (i.e. crystallization temperatufe})( 30.0 30.0 30.0

Agitation rate (rpm) 290 290 290

20 means that it was used.
b X means that it was not used.
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acid is carried out at 30C using a conventional batch crys-
tallizer, then the precipitation of thg-form crystals at ini-
tial and the transformation from the-form to the g-form
cannot be avoided.

3.3. Exclusive production of metastable polymorph
crystals by using WWDJ-crystallizer

As the crystallization mainly proceeds in the lower part of
vessel covered with the lower jacket of WWDJ-crystallizer,
we call the temperature at that part the crystallization temper-
ature. The crystallization temperature was adjusted &30
In PWW-mode crystallization, there are two ways to set the
crystallization temperature. Namely, the crystallization tem-
perature can be kept at 3G by setting the temperature of
the upper jacket less than 30 and that of the lower jacket
more than 30C, and vice versa. The former operation was

performed as Operation | and the latter was performed as

Operation Il. The temperature adopted in the two operations
and other conditions are listed in Table 3.

First, the crystallization in Operation | was carried out.
Fig. 3 presents changes inglutamic acid concentration
during PWW-mode crystallization carried out in Operation
I. The result obtained in P-mode crystallization is also pre-
sented in Fig. 3. The period of induction was observed,
which should be the time required for the formation of
effective and/or sufficient nuclei. The period of induction
in the PWW-mode crystallization was shorter than that in
the P-mode crystallization, indicating that the nucleation
was accelerated in the PWW-mode crystallization performed
in Operation |. This acceleration of nucleation can be ex-

G. Shan et al./Chemical Engineering Journal 85 (2002) 169-176
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Fig. 6. The change of concentration during crystallization under Operation
Il: (O) PWW-mode crystallization,[{l) P-mode crystallization.

through the upper jacket while cooling water of 23CG3was
circulated through the lower jacket. The other conditions
were the same as those in Operation |I.

Fig. 6 presents a changeiirglutamic acid concentration
during PWW-mode crystallization carried out in Operation
Il. The result of P-mode crystallization is also represented
in Fig. 6. The two changes were almost same. The change
of the ratio of thea-form crystal in precipitates was also
measured as shown in Fig. 7. The ratio of théorm in the
early stage of crystallization was not as small as expected

plained in terms of excess supersaturation at the cold surfacgrom the temperature of the surface of the upper wall, namely

(16.6°C) of the upper wall. The initial supersaturation ratio
at 16.6°C is 1.76 times larger than that at 30@. Fig. 3
also shows that the precipitation of crystals was completed
within 2 h in each crystallization.

Fig. 4 shows the changes in theform ratio of the pre-
cipitates during crystallization shown in Fig. 3. Fig. 4 shows
that in PWW-mode crystallization carried out in Operation
I, the o-form crystals were exclusively produced within
8h. On the other hand, in the P-mode operation, the poly-
morph transformation occurred from the beginning. Under
the microscope the changes of theform ratio during
crystallization were discriminated as shown in Fig. 5 and it
was found that the transformation was clearly suppressed
in PWW-mode crystallization.

The temperature of heating surface covered with the lower
jacket in Operation | was 33°LC, while the crystallization
temperature was 3@, so there was a film between the
slurry bulk and heating surface with temperature distribu-
tion. Although, it was expected that the nucleation of the
B-form is possibly accelerated in this film due to high tem-
perature, this effect was hardly noticeable. Perhaps the film
was too thin to have such an effect.

about 70% at 40C (C/Cs = 2.1). Data from Figs. 6 and
7 suggest that the nucleation in PWW-mode crystallization

100
80
60

40

a-form ratio (%)

20

10 15 20
Time (h)

25

Fig. 7. The change of the-form crystal ratio in precipitates during

Secondly, the PWW-mode crystallization in Operation Il crystaliization under Operation 1) PWW-mode crystallization, ()

was attempted. The heating water of 4000was circulated

P-mode crystallization.
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Fig. 8. The change of CSD of the-form crystals during crystallizationl) PWW-mode crystallization,[{l) P-mode crystallization.

was mainly derived in the bulk solution at 30 and that sented in RRSB distribution parameters shown in Fig. 9 as
the heating of the slurry at the surface of the upper wall largeDe and also large. These desirable characteristics of
promoted the transformation of thheform crystals. crystals were probably derived by a partial dissolution of

Figs. 4 and 7 indicate that the PWW-mode crystallization fine crystals in the vicinity of the lower wall surface where
is useful for the exclusive production of metastable crystals

even when the crystallization was carried out at a such a 1'04} 10

high temperature that the polymorph transformation could : J/—Of—g\( 9

not be avoided in the conventional batch crystallizer. These

figures also indicate that the crystallization temperature must 08 [?’//’D\D\ﬂ g =

be controlled as in Operation |. g

2 06 - 17 &

3.4. Change of the a-form crystal size distribution during E 6 E

crystallization ) 17 2
The CSD was compared between the PWW-mode crys- ¢ G

tallization carried out in Operation | and P-mode crystalliza- 4 O

tion. Under the microscope, it was difficult to discriminate

thea-form crystals very clearly from thg-form crystals af- I 43

ter the appearance of large quantities ofhrm crystals. .

The CSD was therefore measured for the crystals recov- 0.0 | 2 3 4 2

ered within the initial 4 h in PWW-mode crystallization and

P-mode crystallization, respectively. The results are illus- Time (h)

trated ”_1 ':'93- 8 and 9. The crystals Obt_amed n PWW-que Fig. 9. The change dbe and classification exponent (O) PWW-mode
crystallization were larger than those in P-mode operation crystallization De), ((J) P-mode crystallizationDe), (@) PWW crystal-
and also showed a narrower CSD. These results are repretization (n), () P-mode crystallizationn).
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