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Reaction productswith suitable crystal size distribu- Owing to the high temperature dependence of the solubil-
tionsresult in short filtration and washing times. This ity of the product, cooling crystallization was selected as
leadsto shorter processcyclesand an improvement in  a suitable method. Lab experiments in the RC1 automatic

the product quality (e.g. purity). A knowledge of the lab reactor were used to determine the temperature at
solubility curves and cooling profilesformsthe basis which spontaneous primary nucleation sets in and crystal-
for optimum crystallization from the solution. lization starts. This could be established using the in-

crease in the stirrer power (viscosity) and the heat genera-
The use of automatic lab reactors with heat balancing atidn rate (figure 1). The influences of undercooling and
turbidity measurement allows rapid determination of thethe amount of seed crystals were investigated so that with
solubility curves and cooling profilesThe influences of use of the controlled cooling procedure sufficiently large
stirring, evaporation, dosing, seeding, etc. are already recystals could be produced directly. The product could be
ognized during the development stage in the lab. An eximmediately tabletized after filtration owing to the around
ample from the pharmaceutical industry, the crystalliza-50% increase in the bulk density. These optimizations
tion of a pharmaceutical product from solufids de- would have been virtually impossible without the highly
scribed below. precise temperature control and automatic operating

mode of the RC1.

Descri ptlon of pr oblem This improvement in the process led to an appreciable re-
duction in the manufacturing costs and hence to increased

A critical factor in the manufacture of tablets with high profits.

proportions of active substance was found to be the bulk

density of the latter. This had to be as high as possible to

ensure complete filling of the dies of the tablet press. e

While an improvement in the particle size distribution crystallization

could normally be achieved by milling and wet granula-  temperature of o

tion of the product, the resulting development and pro- ~ reaction mass \

duction costs would amount to around 50% of the mant

facturing costs.

The main reason therefore was that the normal «natura

. . . energy uptake of stirrer ;
cooling of the product mass following the last reaction =~ ——— — :’;? generation
step resulted in an unfavorable particle size distribution. A_’——
Numerous small crystals formed spontaneously owing t time [hours]
uncontrolled nucleation.

Figure 1:
. Example of a crystallization experiment of a pharmaceu-

De'vel Opment aim tical active substance in the automatic lab reactor. The

To lower development and manufacturing costs, an opti{emperature of the reaction mass drops from 65 to 56°C
ithin 11 hours. Spontaneous crystallization starts at

mum product should be produced by separation in a sin%( _ _ :
step. The crystallization following reaction must be so ©2 C @s shown by the increasing heat generation
controlled that milling and granulation are no longer re- rate of the crystallization (maximum 10 W) and by
quired. the jump in the energy uptake of the stirrer. 2
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Fundamentals

Solid products are usually produced by crystdilizaor
precipitation from solution and then filteradashed and
dried. The crystallization and hence the macroscopic
product properties are essentially controlled by the relatit
between solubility and supersaturation. Supersaturation
achieved by cooling, evaporation or modification of the
solvent and influences the nucleation and growth rate.
Knowledge of the solubility and supersaturation of a
reaction mass thus forms the basis for the optimization
and proper control of crystallization.
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The following comments and examples refer only to cry_

tallization through cooling and demonstrate how the solu- . _ , .
bility curves are determined in automated experiments Figure 2: Schematic representation of the solubility curves.

(figure 2). To determine the onset of a spontaneous crysc-: Concentrag_on of product in the splutlon, T Temper_a—
tallization, the turbidity of the solution is usually observeéure’ d: Solubility Curve, D: Clear point, n: SF‘perSO'“b,"‘
or measured. In addition, the change in the viscosity anflY curve, N: Cloud point, m: Metastable region (no pri-
hence the change in the stirrer power or the appearancént?fy nucleation), S: Start point (homoge'neous solution)
heat of crystallization can be employed to record crystalf-o_r the measurement cyclg at concentration C1, HS: RPT'
lization as the example in figure 1 shows. The dissolutiodon of homogenops solution (below curve d), CS: Region
process is followed primarily by turbidity measurementSOf crystal suspension (above curve n).

or with the aid of the heat of solution.

Important factors in the process engineering associatedsuming and tiring when performed manually as the cool-
with the production of optimum crystals in as short as ing and heating cycles last a relatively long time owing
possible time are a knowledge of the solubility curve of & the low rate (e.g. 0.5 K-mih. In addition to this the
product and proper selection of the required cooling proresults are also dependent on a subjective interpretation by
file. The kinetics of nucleation and crystal growth must the user since the cloud and clear points are determined by
also be taken into account [e.g. 4, 6, 7]. In practice, in mamisual observation.

casespontaneous crystallization is avoided and instead a

specific quantity of crystal nuclei added to the reactor, e.glse of an automatic lab reactor considerably facilitates
by seeding with pure product or by addition of a small the experimental procedure and increases the accuracy
amount of crystal suspension from a previous batch.  of the determination:

e preprogrammed, unsupervised automatic experiments
which, depending on the reaction mass, can also be
run overnight;
accurately controlled temperature ramps;
weight-controlled addition of solvent to change the
concentrations automatically;

Deter mination
of the solubility curves

Experimentally, the solubilities are determined as a func
tion of concentration and temperature by the following
steps (figure 2):

» dissolution of the product to form a homogeneous

continuous plotting of all important measured values
(temperature, heat generation rate, turbidity, stirrer
power, etc.);

simple detection of the onset of crystallization by use

solution (point S) (1), of the FSC402 Optical Controller (turbidimeter).

slow cooling until the onset of crystallization; the appear-

ance of the first crystals defines point N on curve n (2Jhe RC1 and LabM&kautomatic reactors are computer

slow heating until a homogeneous solution is again controlled lab reactors for the manual or automatic execu-

attained; the disappearance of the last crystals defingson of industrial chemical processes in batch or semibatch

point D and hence the solubility curve d (3), operation (figure 3). These lab pilot experiments on a li-

addition of solvent or product to change ter scale allow the measurement of important parameters

the concentration (4). such as temperature, dosing, pressure, pH, stirring and
turbidity under realistic process conditions and also their

Steps (2) through (4) are repeated a number of times tocontrol where appropriate. In the case of the RC1

obtain several experimental points to establish curves dreactor, the generated or consumed of the reaction

and n (4). This experimental procedure is very time conmass is also determined (reaction calorimetry).
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Deter mination of the cloud point
N and clear point D

Detection of the cloud point and clear point is facilitated
or indeed made possible in the first place by the use of
appropriate sensors. Depending on the nature of the rei
tion mass (ranging from simple solutions to heteroge-
neous, opaque, pulpy masses), either a turbidimeter is
used or the enthalpy of crystallization or solution mea-
sured.

The difference between a calorimetric determination an
a turbidity measurement (figure 4) lies primarily in the
scale of the observed effects and the size of the crystals
The turbidity measurement can cover a wide range by ¢
propriate selection of the gain. Use of a high sensitivity
allows the onset of crystal formation (small particles) to
be detected. The calorimetric experiments primarily allo
crystal growth to be followed when the heat of crystalli-
zation is sufficiently large; here, the heat generation rate
is proportional to the growth rate.

Turbidity measurement

A fiber-optical sensor is used for continuous measure-

Tr=55C
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Figure 4: Typical profile of the turbidity measurement on
heating and cooling at a rate of 15 KHusing the ex-

ample of 15.3% calcium lactate in water, measured with
an RC1 and FSC402 Optical Controller (turbidimeter) in

ment of the light backscattering of particles (crystals) dithe glass reactor with anchor stirrer (100 rpm). Tr: tem-
rectly in the reaction mass and the solubilities are deterperature of the solution, A3: turbidity signal (relative

mined as follows (figure 4):

Point N: Onset of crystallization = start of increasing
turbidity = cloud point;

thanks to the high sensitivity of the turbidimeter, the

value), Qr: heat generation rate maximum = 40 W,
D: clear point, N: cloud point, R: stirrer power.

appearance of the first crystal nuclei is detected at anl e calor imetric measur ement

early stage.
Point D: Dissolution of the last remaining crystals
= end of turbidity decrease = clear point.

Figure 3: The automatic lab reactors LabMaand n e _
RC (reaction calorimeter with heat balancing) are usednass transfers, diffusion rates and nucleation rates

for the optimization of chemical products and processeshave a large influence on the crystal growth.

Depending on the product, crystallization can be exothermic
(see figure 5) or endothermic, i. e. the signal change is ei-
ther positive or negative. However, this has no influence on
the determination of the cloud point. The temperature points
N and D are determined using the heat generation rate (Qr)
by extrapolation of the start or end of the observed effect:

« Point N: Start of the increase in the heat generation rate
during cooling = cloud point. On completion of cooling,
the heat production due to crystal growth also ends as at
a constant temperature the solution and solids reach
equilibrium.

Point D: End of the heat uptake through dissolution of
the crystals = clear point.

Rate dependence of temperature
pointsN and D

The cloud point N and to a lesser extent also the clear
point D depend on the cooling/heating rate as

4
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To determine the equilibrium conditions D and N, the fol
lowing two methods can be used:

Method 1 includes extrapolation over several experimer
tal points to heating/cooling rate zero as shown in figure
6a using experimental data. With this method, extrapola
tion and interpolation can also be used to determine the

cloud or clear at other heating/cooling rates. \

With rapid crystallizations (method 2), often only slight Tr
undercooling occurs and spontaneous nucledbitbows
rapidly. The crystals then grow very quickly owing to
the high supersaturation and this can clearly be seen
from the large increase in the heat generation rate (sig

N
nal peak of Qr in figure 6b). Owing to the high crystal
growth rate, a dynamic equilibrium established on fur- N

—-80°C 110 W—

Qr

ther cooling, i.e. each additional supersaturation imme H
diately leads to further growth of the crystals and is as _spc 10 W—
sociated with a practically constant release of heat Px «— »

20 min time

For the same reasons, following the spontaneous crystal..-

zation the deficiency in the quantity of crystals at the_ Sta_rlt:igure 5: Typical profile of the heat generation rate (Qr)
as a consequence of the rate-dependent undercooling ' the cooling and heating of potassium nitrate solution

immediatgly made good. The overshooting of Qr' in Com(measured with RC1). Tr: temperature profile, G: crystal
parison with the subsequent normal heat generation rated?&mh during cooling, H: dissolution during heating, N:
can thus be used to determine the cloud point N under

N " o o onset of spontaneous crystallization, D: end of dissolution.
equilibrium conditions. For this, in the evaluation N is var-

ied with the associated integration limit until the hatched

area is equal in size to the dotted area regarding curve Qhe reaction mass (mr). A detail with the cloud and clear
points for a temperature cycle read off from the Qr

An example of an automated determination of the solueurves is shown in figure 5. A summary of the results for

bility curve (onset of spontaneous crystallization and othe concentrations can be seen in table 1 (see next page’

the dissolution point) is shown by the experiment with The table also shows the points N for equilibrium condi-

potassium nitrate (figure 7). An initial concentration of tions determined by method 2 described above (area

600 g saltin 0.4 | water was used. After a cooling and comparison). The dissolution point and the crystalliza-

heating cycle, the concentration was lowered by the adion point differ by only 1°C.

dition of water. Figure 7 shows an overview of the tem-

perature profile (Tr), the heat generation rate (Qr) and

Selection of the optimum
60 cooling method

Tr [°C]

50 - D In many cases, a controlled crystallization is performed in
the following manner:
N « Cool until the metastable region is reached.
» Seed with a small amount of pure product to start
a crystal growth.
30 » Cool further but at a rate which ensures that the con-
centration remains between solubility and
o . . supersolubility curve in the metastable region and
1.0 05 0.0 05 1.0 hence prevents primary nucleation (fig. 2).

40 A

3 [°C/min]

Figure 6a: Representation of the influence of the cooling/ The cooling rate must therefore be matched to the crystal
heating rate on cloud points N and clear points D using thedrowth. Here, optimum selection of the stirring speed is
example of a 15.3% calcium lactate solution. The plot sho@4s0 important to ensure on the one hand a fast mass

the temperatures at various heating or cooling rates corre-transfer through as high a turbulence as possible
sponding to the disappearance of the last traces of turbiditand on the other hand no appreciable further

(D) or the appearance of the first signs of turbidity (N). ~ Nucleation due to abrasion. >
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To investigate the influence of the cooling profile on
the product quality and the filtration time, three dif-
ferent cooling rates were selected (figure 9):
« Linear cooling at a constant rate,
B =1.911 K/min.
» Natural cooling at a
rate = factor - (Lacior Tcooling mediun
Here the jacket temperature of the lab reactor and
not the temperature of the reactor content was
T controlled.
e Calculated optimum temperature profile with a
very low cooling rate at the start.

Qr

Px

2

onset

\

Figure 6b: Schematic profile of the heat generation rate The experimental results of the three different cool-
(Qr) during cooling and crystallization (see also figure 4)ing methods are summarized in table 2. The «natu-
T: temperature; time axis; Onset: onset of spontaneous ra|» cooling led to many structureless crystal clumps

crystallization; N: cloud point under equilibrium condi-
tions (the dotted area is equal in size to the hatched
area); Px: heat generation rate due to crystal growth.

(figure 10) with correspondingly poor filterability
and occluded by-products. With linear cooling, very
fine crystalline needles of length max. 0.2 mm were

obtained. Optimum cooling led to thicker and longer

crystals (up to 0.5 mm), the processing time was
The optimum cooling rate can be calculated from the shortened by a factor of two and the proportion of
crystal growth rate and the solubility curve. Here, it is adby-products fell to below 0.1%. The development
sumed that, as mentioned above, in batch operation thesiim «good product quality with a shorter cycle
is practically no primary or secondary nucleation. Itis time», could thus be achieved rapidly and simply.
important to ensure that the cooling rate is very low at the
onset of cooling. With decreasing product concentration,
the danger of spontaneous nucleation usually diminishes
and, owing to the increase in size of the crystals, coolina
can be performed quicker. The natural cooling profile, o
the other hand, shows a high cooling rate at the start ar
slow cooling at the end.
To simplify the situation, the temperature profile for an
optimum crystallization is often shown as a quadratic
function of the time, but here it must above all be ensure
that the temperature at the start changes only slightly:

T= Tstart_ k-8
The constant k is varied until the production time (cool-
ing time) and the crystal forms produced are optimum.

e

An example from the speciality
chemicalsfield

time [h]

Optimization of the crystallization and separation of an Figyre 7: Heating and cooling cyclesQ.5 K/min) of po-
optical brightenet. The following limiting conditions for  tassjum nitrate in water at concentrations of 600 g salt in
the investigation were imposed by the process: 400, 480, 600 and total 800 g water. The experiment was

* initial concentration: 0.21 kg/kg solution. preprogrammed and run automatically in the RC1 with a
* cooling from 116 C to 30 C within 45 min. To solve 3 | gjass reactor.

the problem, the method described above involving the
automated experimental determination of the cloud and
clear points by turbidity measurements was employed.
The solubility and supersolubility curves were very
similar (figure 8) so that accurate temgara control

was necessary to allow the crystallization to be per-
formed in the optimum metastable region.
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200 Concentration
C [o/kg] (9 KNO4/ g solution) 0.6 0.536 0.5 0.429
Cloud point
(0.5 K/min, °C), pointN 69.00 61.8 53.5 4211
Cloud point

1007 (equilibrium, °C), point i 73.9] 654 558 45

0
Clear point (°C), pointD| 74.5 661 56.8 46[2
cp measured (J-KgK1) | 2250| 2394 2550, 2793
cp calculated (J-k§K1) | 2246| 2388 2567 2798

T[°C]

20 40 60 80 100 120 Table 1: Clear and cloud points of potassium nitrate in
water, determined from the experiment shown in figure 7.
The equilibrium point N was determined from the Qr
curve using method 2. As additional information, the spe-
cific heat of the solution was calculated automatically by
the RC1 evaluation program. The calculated cp value is
based on the total of the heat capacities of the individual
components in the solution (water and potassium nitrate).

Figure 8: Solubility curves for the product determined
automatically by turbidity measurement:
Heating/cooling rates used: 0.5 K/min; C: Concen-
tration in g of product per kg solution; n: supersolubility
curve; d: solubility curve.

Conclusions

The present investigations have centered on cooling cry@ptimum crystal form and size is usually attained in
tallization from product solutions, but the measurement practice by seeding and control of the growth rate, i.e. a
methodology can also be used for other crystallization constant supersaturation is achieved by the use of special
procedures such as evaporative cooling or polarity chang®oling profiles. The optimum crystallization from solu-
of the solvent. tion consequently requires a knowledge of the solubility
The particle size distribution and the crystal forms have curves and the metastable region. Detection of turbidity,
an appreciable influence on the separation, processing plotting of the stirrer power or the enthalpy of crystalliza-
and application of the product. To avoid undesired nucleion are used for accurate determination of the onset of
ation, uncontrolled supersaturation of product in the solerystallization or the end of dissolution. Solubility curves
tion must therefore be prevented. and optimum cooling profiles are determined precisely
using an automatic and programmable lab reactor.

T[°C
1204 rel Cooling profile natural linear optimum
] lculated
1004 coletiare Filtration time 27 min 19 min 13 min
1 roarammens Washing 60 min 35 min 29 min
. A By-products 0.6% 0.1% <0,1%
601 Table 2: Filtration tests and washing times with different
] cooling rates. Pressure filtration: 0.2 bar, 8.5 cm filter
40-_ natural cake, 9 cm diameter; washing with 2 - 200 ml solvent.
1 t [min]
20 T T T T T T T T T 1

0 10 20 30 40 50

Figure 9: Cooling profile used for the investigation of the

crystallization behavior, the filtration possibilities and the

product quality (see Table 2). The optimum cooling profile
(calculated) was made up of four linear cooling ramps to
allow its preprogrammed reconstruction in the automatic
lab reactor.
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Figure 10: Quality of the crystals as a function of the cooling profile. From left to right natural, linear,
optimum cooling profile. The width of the photo corresponds to 0.45 mm in each case.
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