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The physicochemical properties of the solid state of drug substances are critical factors which 
may affect the therapeutic efficacy, toxicity, bioavailability, pharmaceutical processing and 
stability of the drug product. For ionizable chemical entities the salt form must fulfill the needs 
of the targeted formulation, be suitable for full-scale production and its solid state properties 
maintained batchwise as well as over time. 
Comparison of the solid state properties of different salt candidates may be quite complicated 
when the salt form exist as different solid phases: polymorphs, solvates, hydrates or 
amorphous forms with different solubility profiles and different thermodynamic domains of 
stability.  
Therefore the understanding of phase diagrams is a basic pre-requisite. 
Knowing the number of phases and their thermodynamic relationships in the context of 
crystallization, drying, granulation and storage under atmospheric conditions should allow to 
select the appropriate solid form of API to be introduced in the formulation and to develop 
robust processes. 
Unfortunately solid phases of organic substances have the behavior to exist outside the 
thermodynamic phase diagrams, showing “meta-stability” states which are extremely difficult 
to control since they are driven by kinetic factors.  
The processing of the drug substances and drug products involve solvent, excipients, 
mechanical stress, temperature, pressure and humidity and different solid phases may 
coexist. Solid phases obtained outside their domains of stability will convert to the 
thermodynamic stable form with time at given temperature, pressure and humidity.  
Aging problems with change of performance of the drug substance or drug product have to be 
avoided.  
Therefore the solid state properties such as solubility, dissolution, melting, density, 
morphology, hygroscopicity, processability, stability, compatibility have to be studied in the 
context of thermodynamic and kinetic viewpoints. It is mandatory to distinguish 
thermodynamic and kinetic factors in order to select the most appropriate solid form of the 
drug substance, to develop analysis procedures and to transfer robust processes to 
production for marketed products. 
For this challenging task, the application of systematic procedures with the use of automated 
instrumentations increase the probability to elucidate the relevant polymorphic forms and their 
thermodynamic relationships efficiently. Examples will demonstrate the predominating role of 
thermal analysis and microcalorimetric techniques combined with microscopy, IR or Raman 
spectroscopy, X-ray diffraction or mass spectrometry.  
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α-Ni(OH)2 and Ni-Al layer double hydroxides (LDHs) precipitated by urea were investigated 
with FTIR and XPS. The role of cyanate (CNO-), an intermediate in urea decomposition, in 
nucleation and growth of precipitates is demonstrated. In the early stages, cyanate ion in α-
Ni(OH) 2’s is found mainly to be N-bonded to Ni2+ ions in the layers, whereas later in the 
growth stages, it is bonded through oxygen. In LDHs cyanate remains N-bonded. 
Precipitation with substituted ureas, revealed the link between spectral features and 
structures observed in XRD patterns. With slower decomposition rates and low levels of 
supersaturation an extensively hydrated structure was observed. Effects of experimental 
parameters, like mixing level, pressure and digestion time were discussed.  

15 

mailto:bora.mavis@epfl.ch


REACHABILITY ANALYSIS AND CONTROL OF TURBULENT 
AGGREGATION 

 
Jan Sefcik (a), Eleonora Bonanomi (b), Manfred Morari (b), and Massimo Morbidelli (a)

 
(a) Institut für Chemie- und Bioenginieurwissenschaften, Swiss Federal Institute of Technology Zurich 

ETH Hönggerberg/HCI, CH-8093 Zurich, Switzerland, 
E-mail: sefcik@chem.ethz.ch

(b) Institut für Automatik, Swiss Federal Institute of Technology Zurich, 
Physikstrasse 3, ETL I22, CH-8092 Zurich, Switzerland 

 
Keywords: Optimization and control, On-line monitoring, Micro-/nano-particles 
 
Turbulent aggregation of colloidal suspensions can be carried out under various processing 
conditions leading to the formation of slurries with different particle size distributions and 
fractal dimensions, which imply different particle densities. For a given starting population of 
primary particles we would like to determine what mean cluster sizes and densities are 
attainable in a turbulent coagulator operating with a given shear rate policies. The 
corresponding kinetic model is based on the population balance approach accounting for 
aggregation and breakage kinetics as well as for time dependent cluster fractal dimension. 
The model was tuned to reproduce experimental data reported in the literature for the 
aggregation of polymer latex particles exposed to turbulent flow conditions. Using this model 
we conducted a numerical reachability analysis in order to delineate regions in the space of 
properties of produced slurries that are accessible with given shear rate protocols. The two 
properties considered were the mean particle size and fractal dimension that are both 
obtained from small angle light scattering measurements. We identified regions in the plane of 
the mean cluster size and fractal dimension that are accessible by a simple coagulator 
operation at a constant shear rate, or accessible with time dependent piecewise linear shear 
rate, or not accessible at all, respectively. 
Recent developments of particle sizing sensors and control algorithms together with a better 
understanding of the physics of turbulent coagulation foster the application of advanced 
control-systems to ensure the product quality despite disturbances and model errors. We 
applied the batch model predictive control algorithm to the turbulent coagulator system. The 
algorithm can exploit the fact that batch processes are run repetitively and on-line 
measurements are available. The model used by the controller was obtained with automatic 
linearization of the nonlinear model around the reference trajectory. The control, tested with 
simulations, was able to guarantee the product qualities in terms of the mean radius of 
gyration by adjusting the shear rate according to the current measurements and the results 
obtained in previous batches. 
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Precipitation allows to produce particles in the sub-micron range which may be of complex 
structure. The involved processes are fast. Therefore advanced characterization methods are 
required. In the presentation an overview of the following methods and their results will be 
given: 
 

• Precipitation in a Y-mixer, a Taylor Couette reactor and stirred vessels 
• Synchrotron XRD experiments to evaluate crystallinity and polymorphism at early 

stages 
• Cryo-TEM experiments to evaluate particle structure at early stages 
• Electron beam diffraction to evaluate crystallinity regions of single particles 

 
These methods were successfully applied on the precipitation of Calcium Oxalate and Barium 
Sulfate.  
For Calcium Oxalate, it could be measured, that the polymorphic composition of a product is 
not the result of growth processes, but is determined during the early precipitation stages by 
the competing nucleation rates of the different polymorphic phases. Measurements show, that 
supersaturation is depleted 50 ms after the point of mixing.  
For Barium Sulfate it could be found, that the final crystalline particles are not the result of a 
molecular growth process, but are colloidal crystals, which have recrystallized. 
We consider the opportunities of the applied new characterization methods to be useful for 
the better understanding of particle formation by precipitation. 
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The importance of polymorph identification and selection for the development of solid dosage 
forms has drawn considerable attention in the scientific literature over the past decade. 
However, only little has been published so far to illustrate the application of a consistent 
process development strategy to ascertain reproducible API polymorph manufacture. 
In the presented chemical step the API was synthesized by hydrolysis followed by 
acidification. The early phase manufacturing procedure used a complex solvent system: 
Methanol – water for hydrolysis, methanol – t-butyl methyl ether – water for acidification and, 
after phase separation and distillation, toluene for crystallization of the API, which was later 
found to yield a metastable form. 
The main objective in process development was to identify a simple and robust manufacturing 
procedure. The process was investigated in 3 steps: First, solute equilibration studies were 
carried out in ethanol, ethanol – water, toluene and acetone, and yielded three polymorphs 
that were characterized by X-ray powder diffraction. Reliable solubility data was extracted 
from these experiments as well. It was found that the stable polymorph at room temperature 
exhibited lower solubility in ethanol – water than the metastable forms up to 40°C. Ethanol – 
water was the preferred solvent system in this application, due to its non-toxicity and to 
economical reasons. Second, based on the knowledge of the enantiotropic behavior of the 
system, a procedure was developed that crystallized the stable polymorph reproducibly by 
seeding at low supersaturation below 40°C, followed by cooling at moderate rate and at high 
stirrer speed. Third, it was found that the molecule can be synthesized in ethanol – water 
without any drawbacks. Reaction conditions were modified to obtain the API in solution. This 
was achieved by minimizing the water content during addition of NaOH-solution for hydrolysis 
and of HCl-solution for acidification at temperatures > 40°C. Subsequently, the API could be 
crystallized in a controlled manner as described above. Finally, a defined portion of water was 
added slowly to dissolve NaCl that was precipitated in the acidification step. 
Thus, the presented process development strategy leads to robust process scale-up from lab 
to pilot plant and production, yielding the desired product quality with respect to physical 
properties as well as chemical purity. 
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Molecules frequently crystallize in different polymorphic forms. Since the physical properties 
of a crystal depend to a large extent on it's internal structure, there is a great interest in 
growing crystals of a polymorph which may be metastable [1]. 
This paper will look into the control and optimisation of an anti-solvent crystallization process 
in terms of selecting polymorphic forms and morphologies depending on the chosen process 
parameters. 
A crystallization process was optimized to obtain a particular metastable crystalline form. This 
metastable form exhibits a needle like morphology as well as a spherical morphology 
depending on the process conditions. The relative effects of temperature, solvent ratio, 
addition time, agitation intensity and residence time were determined. 
The product studied was an organic molecule, molecular weight < 1000 grams/mole. Typical 
crystallizations produced a needle like morphology with a length-to-width ratio greater than 
ten. Needle lengths reached 50  µm, though the spherical form was the desired form. 
The preferential polymorphic form could be crystallized by choosing low temperatures. The 
morphology (spherical crystals are required) could be influenced basically by the process 
conditions. The residence time and the anti-solvent ratio have the biggest impact on the 
morphology. 
The process has been executed as a continuous crystallization by maintaining a mean 
residence time of 12 -15 min. The temperature of the anti-solvent (water) has a crucial impact 
in terms of shifting the solubility and gaining another supersaturation, and subsequently 
generating another polymorphic form. 
 
 
 
 
 
[1] A. Mersmann: Crystallization Technology Handbook, Marcel Dekker, New York, 1995. 
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Different polymorphs exhibit different physical and chemical properties such as crystal shape, 
color and solubility, which will affect the performance of the products. In pharmaceutical 
industry the manufacturer is required to produce one of the forms or a defined mixture of 
forms, while regulatory standpoints require the reproducibility. Therefore it is quite important 
to determine appropriate operating conditions to achieve the reproducible crystallization of a 
certain solid-state form. It is aimed in our project at understanding the nucleation, growth and 
transformation phenomenon of polymorphic systems. It is furthermore intended to clarify a 
methodology of the process optimization in batch crystallization using the combination of 
experimental data and dynamic simulation of the constructed kinetic models. 
In the present research L-Glutamic acid (L-GLU) was chosen as a model compound. L-GLU 
is known to have two polymorphs, the α- and the β-form. The solubility data indicate that in 
the temperature range of 20 to 60 ºC the β-form is always stable. The transformation 
therefore always occurs from the α-form to the β-form in that temperature range. 
It is imperative to use in-situ measuring technique of polymorphic fraction in the 
crystallization. Therefore Raman spectroscopy was used in-situ to measure the fraction of L-
GLU. Raman spectra of L-GLU clearly indicate some characteristic peaks for the α- and the 
β-form. A sufficiently accurate calibration line for the polymorphic quantitative analysis was 
constructed using dry binary mixtures of both forms. The calibration line was appeared to be 
applicable for the slurry system as well.  
Batch crystallization experiments of L-GLU from aqueous solutions were carried out at 
several temperatures. It is clearly observed by in-situ Raman spectroscopy that the �-form 
fraction decreased gradually during the crystallization. The transformation rate was 
accelerated strongly by increasing the temperature. The measured solute concentration 
change indicated that the nucleation and the growth of the β-form are the rate-determining 
step of the transformation. 
Based on the experimental data, kinetic models were constructed in order to perform dynamic 
simulation of the transformation. These help to understand the transformation behavior as 
well as the nucleation and growth of the polymorphic forms. 
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Solid state properties of pharmaceutical substances have a huge impact in the whole 
development process of a drug. In a very early phase, the most suitable salt form has to be 
selected optimizing properties such as solubility, hygroscopicity and stability. Then, all 
relevant polymorphs and solvates have to be identified, methods to determine polymorph 
purity have to be established, efficient crystallization methods for that particular polymorph 
have to be developed etc. 
The identification of all relevant solid forms, i.e. polymorph screening, is often one of the most 
laborious and time-consuming steps, and it is therefore very attractive to speed up that 
process using high throughput methods. In this presentation the development of a powerful 
high throughput screening system using Raman microscopy as a detection method for the 
polymorphic form will be discussed. We will highlight important issues in connection with 
efficient high throughput screening and will discuss practical examples. 
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Rigorous mathematical and computer models have been developed for detailed analysis of 
operation and model-based design of continuous crystallizers with classified product removal 
and/or fines destruction. The mathematical model consists of the population balance equation 
for crystals and of the mass balance equations for solvent and solute. The state of the 
crystallizer, therefore, is given as the triple [c(t),csv(t),n(.,t)] (c – concentration of solute, csv - 
concentration of solvent, n - population density function, t - time), and the time evolution of 
this system occurs in the state space R2×N, i.e. in the Descartes product of the vector space 
R2 of concentrations and function space N of the population density functions.  
An adaptive finite element method with moving boundary was developed for numerical 
solution of the population balance equation. This approximation was obtained by using the 
Lagrange interpolation polynomials with gradient-directed adaptation rule used in distributing 
the finite elements of varied number and length on the approximation interval the global 
length of which was also varied adaptively depending on the predicted largest crystal size. 
The interior nodes were spaced according to the orthogonal collocation technique. The 
method can be used efficiently for simulation of dynamic processes of crystallizer-classifier 
systems, arising in both the transient and steady states because of different non-linear 
phenomena and interactions between the variables of crystallization processes. 
Qualitative investigation of the dynamical properties of crystallizers in the above defined 
product space seems to be quite complex, so that a reduced model was used for that 
purpose, approximating the infinite dimensional system by a finite dimensional state space 
model of moments of the population density function. The influence of nucleation, size-
dependent crystal growth and growth rate dispersion on the dynamic properties of the system 
is examined. The structure of influences and interactions between the variables for 
determining the feedback loops are analyzed and next the effects of the higher order 
moments are considered. 
It was shown that continuous crystallizer-classifier systems may exhibit a great variety of 
bifurcation and dynamic phenomena. In the case of unique steady-states instabilities are 
always arise as autonomous oscillations, while in the region of multiple steady states saddle 
node bifurcations are possible, too. The dynamic properties of the system predicted by the 
moment equation model were checked by numerical experiments using the detailed 
population balance model. It has appeared that the predictions of the moment equation model 
are quite satisfactory. 
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Most of sparingly soluble crystals are produced through precipitation processes. The 
precipitation sub-processes (chemical reaction, nucleation, crystal growth) are usually very 
fast, so that mixing can strongly affect the course of precipitation and the resulting quality of 
the product (CSD, morphology). Identification and understanding the interaction mechanisms 
between hydrodynamics, mixing and precipitation enable formulation of adequate mixing-
precipitation models. Once the models are formulated and validated experimentally, they can 
be used in industrial applications for prediction of effects of process parameters on the 
product quality and for scale-up. In this work the effect of turbulent mixing on the course of a 
precipitation process in a stirred tank has been investigated experimentally and through 
modelling for the model substance barium sulfate. The main focus has been to identify new 
models for stirred tank mixing-precipitation processes. Two classes of models were 
developed. On one hand short-cut models characterizing the main mixing and precipitation 
mechanisms were realized. These models allow to study the effect of the key operating 
parameters, e.g. agitation rate, feed point position and reactant concentrations, on the mean 
particle size within a reasonable computational time.  
On the other hand detailed CFD based models were developed. By implementing reaction 
and particle formation kinetics, population balance equations as well as a multi-scale-mixing 
model into the CFD code, a tool was developed that enables to describe the dynamics of a 
mixing-precipitation process in great detail. In this work it is presented for the first time how 
such a model is applied to a process in the complex geometry of a stirred tank.  
Both tools have been applied to the precipitation of barium sulfate upon mixing of aqueous 
Na2SO4 and BaCl2 solutions in a stirred vessel for conditions where particle formation is 
controlled by nucleation and growth exclusively. Particle formation kinetics were described 
based on a detailed BaSO4 electrolyte model, accounting for the effect of various ions present 
in the solution and the association of ions to form ion-pairs. The short-cut models as well as 
the detailed CFD closure models characterize mixing phenomena from the macro- to the 
meso- and microscale employing suitable multi-scale models.Precipitation experiments were 
performed in a flat-bottom cylindrical vessel, equipped with four baffles and a Rushton type 
flat blade turbine. Results of the different models and experimental data are compared, thus 
highlighting the strength of the different models for particle size prediction. 
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The modular principle in knowledge integration consists of division of the process in several 
modules according to the kind of knowledge available in the different process parts and of the 
subsequent integration of the information provided by the modules.. There are two main 
modular structures – complementary and competitive. In the competitive structure different 
forms of knowledge about the same (sub)system are available for possible utilisation. The 
modules concur for the right to represent the same part of the process (parameters, outputs, 
etc.). In the complementary structure different kinds of knowledge complement themselves. 
Usually, for the known physical constraints (e.g. mass and energy balances) the most reliable 
models are still the first principles models while for the less known parts data driven modelling 
is more efficient.  
The aim of this work is to report our experience on applying the complementary modelling 
approach to a fed-batch evaporative sugar crystallization case study. Due to its specific 
nonlinear nature we were challenged to model the process kinetics that is not sufficiently well 
represented by a mechanistic model.  
The difficulty in crystallization modelling is essentially on the accurate description of the 
crystal size distribution (CSD) and their related quantities – mass averaged crystal size (MA) 
and coefficient of variation (CV). The experience with models neglecting agglomeration and/or 
nucleation mechanisms shows that the CSD predictions do not correspond to the 
experimentally obtained AM and CV at the end of the process run. Therefore, accurate 
modelling can only be achieved by incorporating agglomeration and nucleation mechanisms. 
The process model is a serial combination of a partial first principle model reflecting the mass, 
energy and population balances with the poorly known kinetic parameters (nucleation rate, 
growth rate, agglomeration kernel), are replaced by a feedforward ANN. This hybrid model 
demonstrates good agreement with the experimental data available. The hybrid modelling 
based on the competitive and/or complementary modular principles of integrating the process 
knowledge offers a reasonable compromise between the extensive efforts to get a fully 
parameterised structure, as are the mechanistic models and the poor generalisation of the 
complete data-based modelling approaches.  
 
Acknowledgements – this work was supported by EU Research Project BATCHPRO - HPRN-CT-2000-00039 
and by the Portuguese Foundation for Science and Technology within the activity of the Research Unit Institute 
for Systems and Robotics-Porto. 
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Ice crystals left alone in a sugar solution held at the freezing point of the ice coarsen over time 
- that is the number of crystals decreases and their average size increases.  This would 
appear to be a classic example of Ostwald ripening, yet when experimental data of crystal 
number and size are compared with the classical theoretical prediction the theory does not do 
well. 
We have analysed the behaviour of these crystals by firstly recognising that they are 
hexagonal prisms - not the spheres of the classical theory - and then characterising the two 
types of crystal faces by surface energies and growth rate constants.  We find that we can 
describe the behaviour of individual crystals quite well and can then characterise the 
coarsening process by competition between the two types of faces as: 
 

• Kinetic competition from the relative growth rates 
• Thermodynamic competition from the relative surface energies 

 
We have then developed a computer model that enables us to simulate how populations of 
crystals will behave as a function of initial and holding conditions – thus enabling an 
investigation of the types of coarsening phenomena, and their time-scales, that might be 
encountered.  We will show results for the ideal case of spherical crystals that reveal, on the 
one hand, a surprisingly rich range of behaviour but, on the other, some quite simple time-
scaling rules. 
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A good understanding of crystallisation kinetics (e.g., secondary nucleation, crystal growth) is 
important for the control, design and scale-up of industrial crystallisers. In most suspension 
crystallisation processes, secondary nucleation is the dominant nucleation mechanism. 
Therefore, the secondary nucleation rate and the subsequent growth of the attrition fragments 
must be described adequately. However these crystallisation processes often feature growth 
rate dispersion, a phenomena which is still not understood properly. Growth Rate Dispersion 
(GRD) is defined as the phenomenon whereby crystals of similar size grow at different rates 
upon exposure to identical process conditions (supersaturation, temperature and 
hydrodynamics). This phenomenon has been observed for many different crystal compounds, 
monitoring under well defined growth conditions, either the size of single crystals in stagnant 
solutions or the evolution of the CSD of a suspension of crystals in time. 
In this contribution the importance of growth rate dispersion is analysed both experimentally 
and on simulation level. In most of the models it is assumed that growth rate dispersion 
(GRD) can be explained by the dependence of the growth rate from both the size and the 
internal lattice strain of the crystals. The general equation postulated [1] to describe the healing 
of a plastically deformed crystal is modelled and compared with the other growth equations 
postulated in literature. The models are validated with growth rate experiments with single 
crystals and with crystallisation experiments in a pilot plant.  
The direct observation of single attrition fragments from parent crystals of ammonium 
sulphate confirmed the presence of growth rate dispersion in these secondary nuclei. Under 
similar supersaturation conditions, a broad spectrum of growth rates was observed ranging 
from slightly negative to positive growth rates.  Especially at low supersaturations a large 
fraction of the crystals showed this negative growth rates. This behaviour is undoubtedly 
related to the nature of the secondary nucleation process itself: secondary nuclei from attrition 
are plastically deformed. 
The strain and size dependent growth mechanisms have been implemented. Strain and size 
can be seen as two independent states of each particle, which change with time due to the 
fore mentioned phenomena. Consequently, the population balance will include two terms, 
describing the change in the distribution of the population due to the rates of change of size 
and strain. The results show an improved description of the observed broadening of the 
crystal size distribution by growth rate dispersion. 
 
[1] Westhoff, G.M. (2002), Design and Analysis of Suspension Crystallisers : Aspects of crystallisation kinetics 
and product quality, PhD Thesis, Delft University of Technology, Delft, The Netherlands 
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Dextrose has been produced by crystallization since the 19th century. In spite of the great 
industrial importance of this product, very few data on the crystallization kinetics of dextrose 
are reported in the literature and the optimization of the industrial production is based more on 
practical experience than on fundamental knowledge. Today, the need to fill this gap is 
evident, in order to both optimize the crystallization operation and to apply model based 
control techniques. 
It must be noted that the growth rate kinetics of dextrose is strongly affected by the adopted 
operating procedure, i.e. the adopted seeds and the impurities in the mother solution; 
moreover secondary nucleation by collision mechanisms plays an important role in dextrose 
crystallization size distribution; in particular breakage is strongly dependent on the 
hydrodynamics in the crystallizer. Thus the determination of the crystallization kinetics for the 
modeling of an industrial plant by means of laboratory experimental investigation is a very 
time consuming and demanding task.   
The objective of this work is to show how to estimate the parameters of the crystallization 
kinetics adopted in a simulation model, i.e. the nucleation and growth rate, by the best fitting 
of few experimental runs carried out by using a pilot plant apparatus. The great advantage of 
this approach is the reduction of the experimental work required and the tuning of a simulation 
model ready to use. Furthermore, this approach does not only give a fit and the 
accompanying parameter values, it also gives a full statistical analysis. 
A simulation model of the batch cooling crystallizer was implemented using the gPROMS 
modelling and solution environment. The parameters of the crystallization kinetics were 
estimated on the basis of the experimental results obtained by means of a pilot scale 
apparatus, 10 l in capacity fitted with a thermostatic jacket to carefully control the operating 
temperature. The best fitting procedure was based upon the supersaturation profiles during 
the batch and the final fines content, and was accomplished by means of gPROMS’ 
parameter estimation tool.  
The obtained values of the growth rate parameters were in good agreement with the ones 
previously derived from specifically designed growth rate experiments. 
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With the movement by pharmaceutical companies to develop single enantiomers instead of 
racemic mixtures as drug candidates, the focus of their research interest has turned to 
problems associated with an efficient preparation or separation of pure enantiomers. Despite 
the rapid development of enantioselective catalysts for asymmetric synthesis over the past 30 
years, very few are really applied in technical scale due to limitations in cost, time for process 
development and catalyst stability. The resolution of racemates still holds a key position for 
the production of pure enantiomers. 
Among other enantioseparation methods, like diastereomeric salt formation and preferential 
crystallization, enantioseparation can always be performed by crystallization from asymmetric 
chiral mixtures, where the desired enantiomer is enriched to a certain extent. If this is not 
resulting from the previous chemical synthesis or production step, the symmetry of racemic 
mixtures can be broken by a previous resolution step,  e. g. by chromatography.  
Understanding of crystallization kinetics plays an important role for the design and 
optimization of successful enantioselective crystallization processes. As the final purity of the 
desired enantiomer is affected by crystal growth, the impact of growth kinetics on the 
economic potential of this separation process is evident. Furthermore, the influence of the 
counter enantiomer present in the solution both on crystallization kinetics and product purity is 
of interest. 
On this background the work to be presented is concerned with a detailed study on crystal 
growth kinetics on the example of mandelic acid in water. Based on preceding measurements 
of thermodynamic data and the metastable zone width in the chiral system [1] experimental 
data collected during isothermal crystal growth experiments will be shown and analyzed. The 
studies were performed at different crystallization temperatures and with varying enantiomeric 
ratio in the initial solution. Growth kinetic data and the applied model are presented and 
discussed in detail. The influence of the studied parameters on the potential of an efficient 
enantioselective crystallization process is evaluated.  
 
[1] Perlberg, A., H. Lorenz and A. Seidel-Morgenstern 
Determination of crystallization relevant data for enantioseparation purposes 
Chemical Engineering  Transactions (Volume I) Proceedings of the 15th Int. Symp. on Industrial Crystallization, 
(Ed.) A. Chianese, pp. 173-178, AIDIC, Sorrento, Italy 2002 

28 



OPTICAL RESOLUTION OF DL-ASPARAGINE BY COOLING 
CRYSTALLIZATION USING A TAYLOR-MADE ADDITIVE AS A 

SEPARATION AGENT 
 

Norihito Doki, Masaaki Yokota, Shigeko Sasaki, and Noriaki Kubota 
 

Department of Chemical Engineering, Iwate University, 4-3-5 Ueda, Morioka, Iwate, 020-8551, Japan E-mail: 
doki@iwate-u.ac.jp 

 
 
Keywords:  Nucleation and growth, Optimization and control, Phase behaviour  
 
 
The separation of optical isomers is difficult, since the physical properties except for optical 
rotation are identical. In this study, the conglomerate of asparagine (DL-Asn) was used as a 
model substance, and cooling crystallization using a tailor-made additive as a separation 
agent was examined for this chiral system as a new optical resolution technique. The tailor-
made additives used are L-valine (L-Val), L-methionine (L-Met), L-phenylalanine (L-Phe), L-
glutamine (L-Gln), L-histidine (L-His) and L-cysteine (L-Cys). When using either of L-Val, L-
Met, L-Phe, and L-Gln, crystallization proceeded without any resolution and the D-Asn:L-Asn 
ratio (enantiomer ratio) of the product was always 1:1 as same as for the product from the 
non-additive system. However, when either of L-His and L-Cys was added, the enantiomer 
ratio of the product was changed. In case of adding L-Cys, the induction time for nucleation of 
L-Asn became significantly longer than that of D-Asn. The induction time for nucleation of L-
Asn became longer with an increase in the L-Cys concentration. At the same time, the 
product crystals became of bi-modal distribution with an increase in L-Cys concentration. The 
large crystals were D-Asn with 100% optical purity. While, the small crystals consisted of a 
mixture of D-Asn and L-Asn crystals. To eliminate the L-Asn crystals from the mixture, a 
heating operation was added during cooling. By the two-step cooling crystallization, thus 
operated, the L-Asn crystals were completely eliminated. As a result, the small crystals 
(200µm or less) were L-Asn with 100% optical purity and the large crystals (over 500µm) 
were D-Asn with 100% optical purity. A simultaneous optical resolution of DL-Asn was 
successfully performed by the two-step cooling crystallization using a tailor-made additive (L-
His or L-Cys) as a separation agent. 
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The most important limitation to optimization and control of particulate processes in general 
and crystallization processes in particular is represented by the intrinsic difficulty of obtaining 
an accurate state estimation. On-line monitoring of particle size distribution (PSD), which is 
closely related to product quality and process productivity, has therefore become an important 
issue. The Focused Beam Reflectance Measurement (FBRM) is best suited for these 
applications providing on-line and in-situ particle population information even at high solid 
concentrations. 
In this work we discuss the application of the measurement within a detailed modeling of 
batch crystallization and a comparison with alternative particle sizing methods. The 
application includes model validation and parameter estimation, on-line monitoring of 
supersaturation and PSD, and the use of optimization strategies. A deterministic population 
balance model accounting for solution thermodynamics, crystal growth, and nucleation has 
been developed. State estimation is achieved by the on-line monitoring of temperature, 
concentrations in the liquid phase, particle density and PSD. 
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Thermodynamic data are crucial for designing any chemical process. With regard to 
crystallization, solubility phase diagrams provide the regions and experimental conditions for 
producing pure compounds. Solubilities can be extracted from various reference sources. 
However, solubilities of new pharmaceuticals or fine chemicals in different and mixed solvents 
are usually unknown. The determination of these data by means of classical techniques is 
connected with significant time and substance consumption. Moreover, for complex 
multicomponent systems an appropriate analytical procedure has to be developed. Therefore 
innovative methods reducing the experimental efforts are of special interest. 
The contribution to be presented is concerned with the validation of the applicability of a 
polythermal calorimetric approach for solubility measurements. The method is based on the 
heat absorbed or released by dissolution of the solid in a solvent. The thermal effect observed 
is described with a model resulting from mass and enthalpy balances as already shown [1]. It 
can be used on the one hand, to calculate thermograms by means of thermodynamic 
parameters and on the other hand, to convert the experimental data into solubility curves. 
Two devices are applied for the measurements – a Calvet-type DSC (DSC 111, Setaram) and 
a twin-type reaction calorimeter (DRC, Setaram). Relevant pharmaceuticals, mandelic acid, 
glycine and xylose in different solvents are systems under study. In addition to the 
calorimetric experiments classical isothermal solubility determinations with phase separation 
and analysis are undertaken. On this basis, a detailed comparison between both techniques 
is given and the advantages and limitations of the calorimetric method are derived. 
 
 
 
[1] Sapoundjiev, D., Lorenz, H., Seidel-Morgenstern, A.: Calorimetry as a tool for solubility determination – 
theoretical and experimental study, Proceedings 10th International Workshop on Industrial Crystallization (BIWIC 
2003), Rouen (France), 4.09.-5.09.2003, pp. 264-272. 
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The presentation will be from an industrial application point of view. We provide insights why 
the preparation of organic pigments by precipitation is different (and sometimes more 
complex) from other products with particle size distributions (PSD) as obtained by 
crystallization or precipitation processes, e.g. in the pharmaceutical industry. 
The key influence of primary particle geometry and PSD (besides of chemistry) to the 
physico-optical and physico-chemical performance of pigments will be explained and 
illustrated by an example. Moreover, geometry and PSD as well as agglomeration and 
recrystallization processes often have a critical influence during product isolation, and during 
the process of application ("delivery" of the pigment). 
The question how particle geometry, PSD, and secondary processes can be controlled during 
the manufacturing process will only briefly be reviewed. The qualitative influence of common 
and frequently dominant parameters during synthesis/precipitation and ripening processes for 
high-performance organic pigments is illustrated. 
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Supercritical fluids can be used to micronize organic substances with well-defined properties, 
e.g. purity, particle size, particle size distribution and particle shape. It is possible to process 
moderately solids like pharmaceuticals or energetic materials which are difficult to comminute 
due to their sensitivity to mechanical or thermal stress. It is known that the supercritical fluid 
can act as solvent (RESS process) as well as antisolvent (PCA process). During the last few 
years many different substances were successfully processed but both processes were not 
compared directly with regard to the achievable particle size and morphology.   
In this contribution an experimental and theoretical comparison between the RESS and PCA 
process will be given. The differences of both processes regarding the level of 
supersaturation and the supersaturation building rate were shown so that the large 
differences in particle size can be explained.   
Experiments with cholesterol were carried out and it was found that the mean size of the 
RESS processed particles was 10 times smaller than the size of the PCA processed particles. 
On the other hand the production rate was up to 100 times higher using the PCA process.   
To explain the large differences in particle size a simple model was developed and the 
characteristic times of the determinant particle formation mechanisms were estimated and 
compared. 
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Different pharmaceutical compounds have been processed by using the gas antisolvent 
recrystallization (GAS) and the precipitation with compressed antisolvent (PCA) techniques.  
By variation of the operating conditions it was possible to tune the final product particle size 
distribution (PSD), which represents the key-property of pharmaceutical products. 
When paracetamol was precipitated using GAS, the average particle size decreased from 250 
to 50 µm with increasing CO2 addition range. Significantly smaller particles were obtained 
upon PCA processing of the same compound, i.e. 1-3 µm depending on the experimental 
conditions. 
In the case of lysozyme, the CO2 addition rate had no effect on the product quality of the GAS 
precipitate. PSD were unimodal with an average size of around 300 nm. Changing to PCA in 
the case of lysozyme, led to bimodal PSDs with modes at around 150 and 20 nm.  
The different patterns of behavior observed experimentally for the GAS process, could be 
reproduced using a detailed mathematical model of the process. Moreover, by enforcing 
PCA-typical CO2 mass transfer times to the GAS model, it was also possible to match the 
experimental behavior observed for paracetamol and lysozyme in PCA.  
This analysis leads to an understanding of the differences and analogies between GAS and 
PCA techniques that promises to help in identifying optimal operating conditions to achieve 
the desired product quality.  
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Benzoic acid is for many years an important preservative to control microbial growth. The acid 
and its sodium and potassium salts find applications in various products such as soft drinks, 
bakery products, cosmetic and toiletry, hot pack processing, toothpastes and animal food. By 
using melt crystallization additional purification steps are not longer necessary to achieve 
pharmaceutical grade levels. A benzoic acid content of at least 99.98 % and a specification of 
individual impurities in low ppm concentration range are possible.  
 
Sulzer Chemtech is actively involved since the early 1970's in the development of a 
purification process for benzoic acid using falling film crystallization and static crystallization. 
Melt crystallization is peculiar to the separation of benzoic acid. A uniform crystalline layer 
grows from melt on a cooled heat transfer surface. The driving force for the crystallization 
results from the net effect of temperature gradient across the solid and liquid phase. Under 
these conditions the crystal growth rate is 10 to 100 times faster than in suspension 
crystallization. Impurity-rich melt is drained from the layer by sweating and liquid benzoic acid 
is recovered by melting the crystal layer. Centrifuges or filters are not used. The process 
allows optimizing the benzoic acid process for maximum purity and yield and overall plant 
economy. Main features are: 

• investment cost savings, due to optimized process integration; 
• high yield, due to combination of static and falling film crystallization; 
• maintenance cost savings, due to use of proven equipment; 
• highly flexible operation to changing market demands. 
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Although seeding is very well known in crystallization technology, it is often not applied 
according to it is full potential. In this presentation we demonstrate some examples from 
pharmaceutical development where seeding has been very useful to obtain the desired drug 
substance properties.  
Designing a seeded crystallization process implies the elaboration of a seeding strategy, 
accounting for the requirements imposed on the product, such as desired final particle size, 
shape, polymorph, purity etc.  The amount and size of seeds, possible pretreatment, and the 
conditions for seed addition are then determined. Finally, also proper downstream processing 
needs to be considered in order to avoid unwanted attrition and breakage of the particles. 
In the first example it is shown how seeding can be used to manipulate final particle size over 
a wide range by merely changing the amount of seed crystals. In the original evaporative 
crystallization process for this drug substance, particles were crystallized spontaneously, and 
very large solvate crystals with average particle sizes around 300 µm were always obtained. 
These large solvate particles created severe problems during the subsequent drying step. 
Therefore a new seeded crystallization process was developed aiming at smaller particle size.  
Very fine particles in the micron range are often required when bioavailability is an issue or for 
inhalation purposes. In the presented case it was impossible to mill the drug substance to the 
desired average particle size of 1-2µm. Seeding with 5% of micronized material resulted in a 
very fine product that could easily be micronized again. Special attention had to be paid to the 
addition of the seeds. In fact, the seeds were added as a suspension containing detergent, 
and had previously been dispersed by ultrasonication. 
When multiple polymorphs or pseudopolymorphs are present in a system, seeding is 
sometimes the only viable tool to crystallize pure forms. In the case presented, a metastable 
pseudopolymorph had been crystallized and used for many years, when it was suddenly no 
longer possible to obtain this form in the conventional crystallization process. Seeding the 
desired pseudopolymorph and applying kinetic tricks made it possible to suppress the 
crystallization of the thermodynamically stable form. 
The last example illustrates that seeded crystallization is a robust and scalable process that 
can be developed within extremely short timelines. 
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The main goal in industrial sugar crystallization processes is to produce the desired amount of 
the product within defined crystal size distribution specifications, obeying technological 
constraints on control variables and limited crystallization time. The practical problem 
appearing in most of these industrial processes is the large batch to batch deviation of the 
coefficient of variation (CV) of the crystal size distribution (CSD) and high CV values (above 
30%). Large CV is undesirable, and is caused by different influencing factors. The most 
important among them are the feeding of too low purity liquor or syrup, not optimal solution 
feeding and steam supply profiles, leading to high supersaturation levels of the massecuite, 
and, as a result, sporadically occurring secondary nucleation in the second half of the 
crystallization process. The latter phenomenon increases CV. The process model used for the 
model-based optimization is a hybrid one, consisting of mass balance, heat transfer, CSD, 
population balance equations, and sigmoid ANN for the modeling of agglomeration, 
nucleation and crystallization rates. The model parameters were identified and validated on 
industrial process data. Evolutionary programming techniques were applied for the 
optimization of the solution feeding and steam supply rates. The optimal switching time 
between liquor and syrup was an optimization parameter as well. Additionally, the optimal 
supersaturation set point levels in certain phases of the process were optimized, and 
controlled by means of an adaptive predictive control algorithm. Solving the model-based 
optimization problem one must apply complex, multidimensional performance index in order 
to simultaneously meet various product quality/quantity requirements. The process 
performance index in the analyzed case consists of maximization of total sugar amount, 
penalizing for violation of allowed average crystal size (MA) and CV boundaries. Additionally, 
an optimal utilized liquor/syrup proportion and desirable relative crystal content in the 
massecuite at the end of the crystallization process should be achieved. The attempts to 
minimize CV by means of optimization of feeding rate and steam supply profiles, and control 
of supersaturation levels, lead to the extensive growth of MA. Nevertheless, applying the 
optimization procedure, highly satisfactory results, meeting the technological constraints and 
quality requirements, were achieved. 
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Crystallization is an important separation and purification technique. Besides the goal to 
produce a product with a high purity there is often the interest in a narrow crystal size 
distribution. About 85% of the industrial crystallization are batch processes. These processes 
have to be started at a specific supersaturation in order to get a uniform size distribution of 
the product crystals. Often the crystallization processes are started with spontaneous 
nucleation rather than with a controlled start. Due to the uncontrolled primary (in terms of time 
point respectively the high of supersaturation) nucleation the results often yield in: 

• a wide crystal size distribution, 
• an agglomeration or dendritic crystal growth, 
• impurities or enclosed solvent in the crystals. 

It is known, that by the use of a seeding technique it is possible to improve the product 
quality. However, still the seeding technique is not as often used as it should be the case. Not 
using seeding techniques might have its origin in the fact that the knowledge existing for 
seeding procedures is quiet product specific and general rules are not available up to know.  
Some of the questions which have therefore to be answered are in a general way are: 

• mass of seeds? 
• surface quality of seeds? 
• at which supersaturation? 
• at what location in the crystallizer? 

Results for an organic and an inorganic compound will be presented of an experimental study 
on parameter variations corresponding to the above named questions. The results will be 
discussed and more generalized conclusions will be drawn from the presented results. 
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A significant part of high added value materials are produced by batch precipitation or 
crystallization. The properties of such materials are largely determined by the way the batch 
process was conducted. Therefore, in order to obtain crystalline material of desired properties 
consistently, the entire precipitation/crystallization process must be carefully controlled.  In the 
mid-1990’s, this author introduced the concept of in-situ seeding that simplifies the design and 
control of batch precipitation/crystallization and gives the results comparable with the 
conventional seeding approach. 
In this paper, the in - situ seeding model is reviewed and illustrated with a case study for 
photosensitive imaging materials. Other model applications, its ramifications, useful hints, and 
proposed uses by taking the advantage of the current on-line crystal size distribution (CSD) 
monitoring capabilities, are discussed. 
The concept in question acknowledges that in many practical applications – e.g., the reactive 
precipitation of sparingly soluble materials or cooling crystallization of materials with a narrow 
metastable zone – nucleation is very difficult to control due to its near-catastrophic rate.  
Slightly different process conditions and/or a few seconds different duration of nucleation – 
frequently unavoidable in large-scale operations – may result in very different nuclei 
population that inevitably leads to the different final product.  According to the model, instead 
of trying to control ‘impossible’ (rapid nucleation), the nucleation step is separated from the 
consecutive growth step by a hold step (i.e., no reagent addition or constant temperature 
segment), after which the outcome of the nucleation and hold steps is evaluated.  During this 
hold segment, due to the Ostwald ripening, the nuclei population is evolving and establishes 
itself as a quasi-stable set of ‘effective nuclei’. The effective nuclei population is appraised in 
a dedicated series of nucleation-ripening experiments or – preferably – on line.  The crystal 
size distribution of the effective nuclei, treated in the same way as the CSD of external seeds, 
is then utilized to adjust or redesign the course of the profile of the supersaturation-generating 
property rate [1], Q, (e.g., reagent addition rate, cooling rate) in time, t:  
 
Q = f (attributes of effective nuclei, CSD, G, t), 
 
where G is the growth rate, for the control of the successive growth step. The approach 
proposed eliminates external seeding and yet removes or significantly reduces the batch-to-
batch variability. 
 
 
[1] Karpinski, P.H. (2002).  In Handbook of Industrial Crystallization, 2nd ed., (Myerson, A.S., ed.), p. 141, p. 231, 
Butterworth-Heinemann, Boston. 
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Mineral carbonation circumvents the long-term risks associated with other carbon dioxide 
disposal methods like geological or ocean sequestration by converting carbon dioxide into 
stable and benign carbonates. The currently most promising reaction process is aqueous 
carbonation, which mimics slow natural phenomena of mineral dissolution and precipitation. 
Its relatively high costs are caused by long reaction times, mostly measured in hours, costly 
mineral activation procedures, required to speed up the reaction, and expensive reaction 
vessels due to demanding reaction conditions. It is believed that the dissolution of the 
silicates is the rate-limiting step, although no thorough quantitative analysis of this issue has 
yet been carried out.  
Dissolution kinetics for olivine and serpentine, the two main source minerals, has been 
studied by geochemists for quite some time; especially olivine has attracted noticeable 
interest, mainly due to its structural simplicity and high reactivity. However, almost all studies 
were conducted at temperatures between 25ºC and 65ºC and ambient pressure, whereas the 
optimal reaction temperatures for the carbonation process have been found to be between 
150ºC and 200ºC and pressures up to 200 bar. Likewise, the effect of ligands or salinity, a 
major factor in the carbonation results reported so far, has only been looked at in a few cases.  
The available results for olivine mostly indicate agreement over the dissolution rate at low 
temperature and low pH, but are inconclusive for alkaline conditions and allow only for a 
range to be set for the activation energy. Under acidic to neutral conditions, a strong 
dependence on the solution pH is universally observed. We have analyzed the dissolution 
behaviour of olivine in a stirred and a non-stirred titanium autoclave. The first autoclave, 
stirred by a magnetically-coupled stirrer, can be operated at temperatures of up to 200ºC and 
200 bar, both in batch and continuous mode. It is fed by a HPLC pump. The non-stirred 
autoclave can be operated at temperatures of up to 400ºC and 500 bar, in batch mode only. 
All parts in contact with the hot reactive fluid are made of titanium. Experiments are carried 
out over a range of temperatures and pH values, and various CO2 partial pressures. The 
dissolution rate is determined by measuring the concentration of the dissolved elements via 
Atomic Absorbtion Spectroscopy (AAS), Ion Chromatography (IC) and photospektrometric 
methods (Molybdate Blue).  The rate is expressed relative to the BET surface area. 
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The ultimate goal of our work is to control the particle size and crystal modification during 
precipitation processes, particularly for scale-up purposes. Our main tool herein is modeling, 
for which we need to know the thermodynamic and kinetic properties of the system, such as 
nucleation, growth, and solid-phase transformation kinetics. Therefore, a suitable protocol to 
determine these properties is under development. 
In this work, we present the application of parts of this measurement protocol to the 
precipitation of L-glutamic acid. Differential scanning calorimetry (DSC) is used to determine 
the fusion temperature of the two L-glutamic acid polymorphs. A strong effect of the heating 
rate indicated thermal decomposition of the substance, which could be proved via thermo 
gravimetric analysis (TGA). Coupled TGA-MS measurements are used to gain further 
understanding of the decomposition process in order to model the melting temperature of the 
non-decomposed substance. ATR-FTIR spectroscopy is employed to measure the liquid 
phase concentration and solubility of both L-glutamic acid polymorphs in water and different 
solvent mixtures. In-situ Raman spectroscopy is exploited to distinguish between both crystal 
modifications. Since the Raman signal depends not only on the solid phase concentration 
present in the slurry, but also on the size of the crystals, further in-situ information about the 
crystal size is needed. Finally, scanning electron microscopy and laser diffraction are applied 
offline to characterize the particle size distribution. 
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This paper reports the productivity gain from the coupling of simulated moving bed (SMB) with 
crystallization for the separation of Troger’s base enantiomers. Available literature on the 
coupling of these processes for other chiral compounds indicated improved performance]. Lim 
et al. (1995)[1] reported a better recovery of enantiomerically pure (-) praziquantel from 
racemic mixtures by continuous chromatography and crystallization.  A study of the 
separation of  (+)/(-) mandelic acid in an aqueous solution by Lorenz et al. (2001)[2] indicated 
a possible increase in the productivity achievable by implementing the two-step process. This 
work extends this coupled process to the separation of the enantiomers of Troger’s base and 
investigates for a general pattern for such a combination. It is important to note that 
formulation of an appropriate objective function with proper constraints is critical, and not 
trivial, in the evaluation of the coupled process for any realistic gain.  
Chromatography-crystallization coupling analysis of Troger’s base enantiomers requires 
knowledge on adsorption isotherm, and solubility phase diagram. Although equilibrium 
isotherms for Troger’s base enantiomers are available in the literature, absence of ternary 
phase diagram of this compound so far, limited the theoretical investigation of this coupled 
process with actual data. However, a recent study has established the ternary phase diagram 
of Troger’s base thus making such an investigation possible.  
SMB chromatography is used to achieve a certain level of enrichment that maximizes the 
productivity after the subsequent crystallization process. A genetic algorithm [3] is used to 
optimize the combined process with the correct objective functions and constraints. 
Productivity improvement from the combined process for different purity values under 
optimum SMB operating conditions and distribution of the separation job to the respective 
process is discussed in this paper.  
 
1 B. G. Lim, C. B. Ching, R. B. H. Tan, and S. C. Ng, Chemical Engineering Science, 1995, 50, 2289. 
2 H. Lorenz, P. Sheehan, and A. Seidel-Morgenstern, Journal of Chromatography A, 2001, 908, 201. 
3 Z. Zhang, M. Mazzotti, and M. Morbidelli, Journal of Chromatography A, 2003, 989, 95. 
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Batch crystallization is an important process step in the production of high-value specialty 
chemicals, particularly for small scale production. Besides its advantage of a high purity 
separation process, the operation goals include the achievement of certain particle sizes, 
product filterability and dry solid flow properties. Most often, these goals can be defined in 
terms of particle size distribution (PSD). A control scheme therefore should target a 
predefined PSD in order to meet the operating requirements. In order to achieve these control 
objectives, a constrained nonlinear model based optimization strategy has been adopted. 
This involves the detailed modelling of batch crystallization including model validation and 
parameter estimation as well as the on-line monitoring of supersaturation and PSD. A 
deterministic population balance model accounting for solution thermodynamics, crystal 
growth, and nucleation has been used. State estimation is achieved by the on-line monitoring 
of temperature, concentrations in the liquid phase and PSD. For this purpose, the Focused 
Beam Reflectance Measurement (FBRM) provides an on-line, in-situ information of crystal 
size and particle concentration in the form of a chord length distribution (CLD). A method 
using a 3-dimensional geometrical CLD model and an inverse technique based on Projections 
Onto Convex Sets (POCS) has been introduced to calculate PSDs from CLD raw data. The 
model and the available measurements allowed for a reliable prediction of the development of 
the system and hence an optimization of the process to increase product quality. These 
concepts are applied to the batch cooling crystallization of paracetamol in ethanol. 
 

43 


