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ABSTRACT 
 
Hannu Alatalo 
Supersaturation-controlled crystallization 
Lappeenranta 2010 
112 pages 
Acta Universitatis Lappeenrantaensis 399 
Diss. Lappeenranta University of Technology 
ISBN 978-952-214-977-0, ISBN 978-952-214-978-7 (PDF), ISSN 1456-4491 
 
Identification of product requirements and quality, together with the management of 
production are key issues in chemical engineering. Quality control of crystalline 
products is part of the quality of many industrially manufactured products like paper, 
paintings, medicines and fertilizers.  In most crystallization cases, quality is described 
with the size, polymorph, shape and purity of the crystal. The chemical composition, 
hydrodynamics and driving force, together with the operating temperature are in a key 
position when the properties of a crystalline product are controlled with the 
crystallization process. 
 
This study concentrates on managing the identified properties of a crystalline product 
with  the control of a driving force.  The controlling of the driving force can be based 
on the change of solubility or the change of concentration. Solubility can be changed 
with temperature, pressure and an antisolvent. The concentration of crystallizing 
compound, the solute can be changed with the evaporation of the solvent and with the 
addition of a reagent. The present study focuses on reagent addition and temperature 
change as methods of changing the level of the driving force.  
 
Three control structures for direct control of supersaturation are built, one for cooling 
crystallization and two for reactive crystallization. Closed loop feedback control 
structures are based on the measurement of the solute concentration with attenuated 
total reflection - Fourier transform infrared spectrometer. The details of the reagent 
feed are analyzed with experimental studies and with results of computational fluid 
dynamic simulations of the inert particle pulse in the premixer and inert particle 
injection to the mixing tank. Nucleation in conditions of controlled reactive 
crystallization is analyzed with Nielsen’s equation of homogeneous nucleation. The 
resulting control systems, based on regulation of supersaturation, can be used to 
produce the desired polymorph of an organic product.  The polymorph composition of 
product crystals is controlled repeatably with the decision of a set value of 
supersaturation level. 
 
Keywords: Reactive crystallization, feedback control, semibatch, ATR-FTIR 
UDC  66.065.5 : 548 
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NOMENCLATURE 
 
SYMBOLS 
 

    
a parameter - 
ai activity of component - 
A surface area m2 
AT cumulative surface area of particles per unit volume m2/m3=1/m 
b parameter  - 
B nucleation rate 1/(m3 s) 
B magnetic flux density  (in chapter 3.1.1) T   (Tesla) 
c velocity of light in vacuum m/s 
c concentration mol/L 
cC concentration of solute in solid crystal  mol/L(crystal) 
ceq equilibrium concentration mol/L 
cL concentration of solute in solution mol/ L(solution) 
cs mass concentration at crystal surface kg/m3 
c∞ mass concentration far away from crystal surface kg/m3 

d diameter m 
de effective distance m 
dm molecular diameter m 
ds diameter of stirrer m 
dv diameter of vessel m 
D electric flux density C/m2

DAB diffusivity m2/s 
Dp penetration depth m 
E electric field intensity V/m 
Ea activation energy J 
f(x) fraction  - or  % 
F force  N 
f frequency of electromagnetic wave s-1  
f(L) function of L  
g gravity constant m/s2 
G Gibbs Free energy (in chapters 5-5.1.3 and 5.3.1) J 
G linear growth rate of crystals m/s 
G0 linear growth rate of nuclei m/s 
h Planck constant Js 
H magnetic field intensity A/m 
I intensity of electromagnetic radiation  
Ie electric current A 
jG mass flux based on thermodynamic driving force kg/(m2s) 
jM mass flux based on concentration difference kg/(m2s) 
k mass transfer coefficient m/s 
kA surface shape factor of the particles, =A/L2 - 
kB Boltzman constant J/K 
kC Coulomb constant,  ¼πε0 Nm2/C2 
kE extinction coefficient - 



kV volume shape factor of particles,  =V/L3   - 
L crystal size m 
LT cumulative length per unit volume m/m3=1/m2 
m mass kg 
mc mass of crystals kg 
mcf mass of crystal at the end kg 
MT suspension density kg/m3 
n moles mol 
nd population density (number density) (1/m3)/m=1/m4 
nd0 population density of nuclei (number density) (1/m3)/m=1/m4 
nR refractive index - 
nR21 relation n2/n1 of sample and IRE RI - 
n* number of molecules in critical size nuclei - 
N number of crystals  1/m3 
NA Avogadro constant 1/mol 
Nr number of reflections                                                         - 
NR complex refractive index - 
NT cumulative number of particles in a unit volume 1/m3 
p pressure Pa 
pi partial pressure of i in vapor phase Pa 
pi

0 vapor pressure of pure liquid i Pa 
q electric charge of particle   C 
r̂  unit vector away from q toward q´  
R reflectance - 
Rg gas constant =8.314 J/Kmol 
Re Reynolds number - 
s distance m 
S relative supersaturation - 
Sh Sherwood number - 
T temperature K or C 
u flow velocity m/s 
up phase velocity of radiation m/s 
ut terminal velocity of free falling m/s 
V volume m3 
v velocity  m/s 
Vm molecular volume m3/molecule 
W work  J 
w weight fraction - 
xi mole fraction of i in liquid mixture - 
 



 
GREEK LETTERS 

 
α absorption coefficient - 
β  geometric shape factor 4A3/27V2 - 
γ activity coefficient - 
γm,m mean activity coefficient of electrolyte solution - 
γSL interfacial tension of solid-liquid interface, surface 

density 
J/m2 

Δρ solid liquid density difference kg/m3 
ΔG change of Gibbs free energy  J 
ε permittivity C2/N m2 
εr relative permittivity ε/ ε0,  

dielectric constant 
- 

ε0 vacuum permittivity, =8.8542e-12 C2/N m2 
εr1 relative permittivity of incoming phase - 
εr2 relative permittivity of outgoing phase - 
ε1 real part of dielectric function - 
ε2 imaginary part of dielectric function - 
η viscosity Pa s 
θ angle  ° 
λ wavelength m 
μ chemical potential J/mol 
μg geometric mean - 
μk kth moment of distribution  
μln mean of the natural logarithm of the variable - 
μm arithmetic average for whole population - 
μp permeability H/m 

 

μp0 vacuum permeability, =4π10-7 H/m  
ν number of ions from dissolved molecule - 
ν~  wavenumber, fc //1~ == λν  1/cm 
ρ density  kg/m3 
ρs density of solids, crystals kg/m3 
σ true standard deviation - 
σln standard deviation of the natural logarithm of variable - 
σg geometric standard deviation - 
τ residence time s 
Φ affinity J 
Φe electric potential  V 
ΦE electric flux C 
Φm magnetic flux Wb(Weber) 
ω angular velocity rad/s 
 
 
 
 
 



Subscripts 
 
f at the end 
i  component i of solution 
j component j of solution 
m in molality unit system 
p direction  p of vibration of electric vector 
r reflected radiation 
s scattered radiation 
T result of moment equation, total 
+ cations 
- anions 
0 incoming or nuclei 
1 phase 1 or incoming to IRE  
2 phase 2 or outgoing or refracted 
 
Superscripts 
0 standard state 
* connected to critical size of nuclei 
 
 
ABBREVATIONS 
 
API  Active Pharmaceutical Ingredient 
ATR  Attenuated Total Reflection 
CSD  Crystal Size Distribution 
DPM  Discrete phase modeling 
DCPD  Di Calcium Phosphate Dihydrate 
FTIR  Fourier Transform Infra Red 
IR  Infra Red 
IRE  Internal Reflection Element 
NIR  Near Infra Red 
MID IR Middle area Infra Red 
MSG  Monosodium Glutamate 
MSMPR Mixed Suspension Mixed Product Removal 
PIA  Particle Image Analysis 
PLS  Partial Least Squares 
SEM  Scanning  Electron Microscope 
RI  Refractive Index 
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1 INTRODUCTION 

 

Identification of product requirements and quality together, with the management of 

production are key issues in chemical engineering. These wide categories are the 

background when the focus of crystallization research work is determined. The 

present study concentrates on managing identified properties of a crystalline product 

by controlling the driving force.  

 

Liquid-solid phase change is a phenomenon where atoms or molecules with random 

neighbors are connected to steady neighbors. Studies of the liquid-solid phase change 

are divided to two fields; studies of crystal structure and studies of the crystal 

formation process.  Crystallography is a scientific field with focus on arrangements of 

atoms in a crystal structure. Crystallization is an industrial production method of 

crystalline products, used to produce crystals with desired characteristic properties. 

The scientific study of crystallization focuses on unit operation: crystallizer 

construction and connection of flows, and use of these together with knowledge of the 

physical and chemical frame of crystallization.  

 

Crystallization is used as a separation method as well as a production method. 

Crystallization as a separation method is used to decrease the concentration of an 

unwanted compound in a solution or to separate a pure crystallized product compound 

from impure solutions. Down-stream processing after the crystallizer is strongly 

affected by the properties of the crystals. When crystallization is considered as a 

production method there, are requirements for the chemical and physical properties of 

the product. In general, an extensive list of different requirements of crystal properties 

exists for foodstuff, fertilizers, color pigments, paper pigments, active pharmaceutical 

ingredients (API),  or for the separation of different fractions in the oil and food 

industry. 

 

Crystallization from a melt or solution in the crystallization process can be a 

continuous steady state process, a transient semibatch, or a batch process.  Controlling 

the crystallization process means controlling those mass, heat and momentum flows 
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over the balance area of unit operation which contribute to the chemical content and 

physical conditions inside the crystallizer.  To control those flows, information is 

needed about changing of the conditions inside the crystallizer, the process needs to 

be controlled. Controlled crystallization has four critical steps: knowledge of the 

physico - chemical frame of operation, construction of the crystallizer, 

measurement(s) used in the feedback connection, and control structure. The success 

criteria of control are the quality of crystals and the economy of production. 

 

The physical and chemical frame of operation is case sensitive, and forms the 

background for the classification of different types of crystallizers and 

crystallizations. Phase equilibrium describes the range of operation for combination of 

chemical concentration, temperature and pressure. Temperature, which in some way 

determines the degree of molecular-level shaking, has a correlation to the kinetic 

energy of the molecules which try to build up a stable bond. Concentration has a 

correlation to the average distance between the crystallizing objects. The tendencies 

of solubility, together with capacity requirements, have to be known when the type of 

crystallization is specified. Information of the solution and suspension properties, 

together with knowledge of reaction and crystallization kinetics is significant in the 

selection of the mixer type and mixing intensity. 

 

The construction of a crystallizer has several functional parts, like walls, baffles, a 

mixer, and flow connections. The amount of kinetic energy, the direction of mass 

flow and heat transfer are controlled with these functional parts. As a consequence, 

suspension inside the crystallizer has temporary suspension density, temperature and 

concentration distribution, and flow pattern and flow velocity. 

 

The sensors used to measure local conditions are often based on the correlation of 

electrical properties as a function of physical or chemical conditions, for example the 

correlation of the pH and the electrical potential difference, or the correlation of 

electrical resistance and temperature in temperature measurements. Spectroscopic 

measurements are based on the interaction of electromagnetic waves or quantum and 

charges. Charge is one property of fundamental particles. The interaction of radiation 

and material can produce a decrease of intensity (absorption) or it can initiate 

radiation with other energy levels/wavelengths (emission or Raman scattering). 
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The control of the crystallization process requires models for measurements and 

calibration of them. A thermodynamic model for the equilibrium is required for 

calibration. A thermodynamic model for the driving force of the solid-liquid phase 

change is needed for control.  Because of the importance of crystallization 

phenomena, the present thesis includes a literature review of modeling in 

crystallization with three points of view: modeling of nucleation, modeling of crystal 

growth rate, and modeling of population density. 

 

The quality of crystallized product crystals has some aspects: firstly, unambiguous 

description of quality; secondly, measurements; thirdly, requirements; fourthly 

modeling it as unit operation (or kinetic phenomenon); and fifthly, controlling the 

production process. Each of these could be a topic of a wide study. The present work 

focuses on last one, controlling the production process. The other aspects are 

discussed to support the understandability of the control task. 

 

Process analytical technologies (PAT) have raised a wide interest in recent years. 

Commercial online in situ analyzers of particle quality and solution concentration are 

available. The controlling capability of an analyzer as a part of the control structure 

depends on the representativeness of the sample at the tip of the analyzer, the length 

of the analyzing period, and the signal-noise relation of the measured property.  

 

The control or process dynamics has long history, and modern chemical processes 

have many separate control units for controlling the liquid level, temperature, 

pressure, etc. as a part of process control.  Experimental results obtained by the author 

from the crystallization of eight different chemical compounds: ammonium sulfate, 

aluminum silicate – starch composite pigment, gypsum pigment, dicalcium phosphate 

dihydrate, L-glutamic acid, and API-compounds sulphatiazole, L, C17 and C20 are 

exploit in this study .  

 

Two crystallization systems had closed loop feedback control with ATR-FTIR 

concentration measurement. In the crystallization of sulphathiazole, cooling rate was 

used as a manipulated variable with decision path to keep supersaturation at a 

constant level.  In reactive crystallization of L-glutamic acid, the feed rate of sulfuric 
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acid was used as the manipulated variable of the PID-controller in the direct control of 

supersaturation. Selected results from other crystallizations are shown to add detailed 

information about the control of crystallization.  
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2  CHARACTERIZATION AND REQUIREMENTS FOR 

CRYSTALLINE PRODUCTS  

 

To make it possible to do quantitative determination of quality, there has to be 

molecular level characterization or/and macroscopic characterization of crystal 

properties and methods to measure them. The requirements of crystalline solid state 

materials come mostly from product-specific demands of the end user and from the 

processability needs of the manufactures. Economical, physical and chemical 

limitations of production have to be taken into account together with the end user 

requirements when criteria for the cut-off grade of products are fixed for quality 

control.  

 

Spontaneous crystallization produces a wide variation of crystal forms and shapes.  

Ice, for example, has an unknown amount of different appearances when the snow 

crystals and crystal shapes in the ice cover of a lake changes during spring. 

 

 
© Tarja Vanhanen 

Figure 1  Surprising crystal formation in nature. Ice threads have started to grow 

from a wetted dead branch, when the temperature has fallen below the 

freezing point after a long wet period; Espoo Henttaa 2nd Dec 2009. 
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2.1  CHARACTERIZATION 
 

The characteristic properties and quality descriptions of crystalline products are 

mostly connected to macroscopic characterization of crystals, like size and shape. 

Different crystal shapes are shown in figure 2.  There is also a whole range of cases 

where the molecular level characterization, like crystal structure, polymorphs and 

purity play an important role. Refractive index and hardness are structure, i.e. 

polymorph-dependent material properties, which are not a function of crystal size or 

shape.  

 

 
 

Figure 2  Different shapes / habits of crystals from the author’s laboratory studies. 

Microscopic images; API compound L, 2 images of ammonium sulfate, 

fatty acid and SEM images; API compound C20, L-glutamic acid beta, and 

gypsum. 
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2.1.1 Crystal size and size distribution 

 

A characteristic dimension of a particle can be thought of as a line passing through the 

center of the mass of the particle and intersecting two opposing surfaces (Randolph 

and Larson 1988, 11). The size of an individual particle is described with different 

diameters, like the Feret diameter, dF, and projected diameter dps. The Feret diameter 

is the distance between two tangents on opposite sides of the particle (Herdan 1960). 

The projected diameter means the diameter of circle with equal surface area of the 

projection of a particle.  

 

The particle size ranges of different optical methods in particle size analysis from 

suspensions are given in figure 3 (Heffels et al.1998). 

 

 
Figure 3 Size range of optical particle size analyzing methods (Heffels). 

 

Crystal size distribution (CSD) has been one of most important properties in the 

characterization of a crystal product, and it is often described with graphical 

presentation. CSD can be shown for the number, length, surface area, volume, and 

mass of crystals.  Visual analyzing of CSD is informative for experienced use, but it 

can have a serious risk of misunderstanding if type of CSD is not clear. For modeling 

purposes, experimental CSDs have to be fitted to a continuous distribution function 

instead of discrete data values or they have to be expressed with statistical numbers 
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like the mean, mode, variance, and standard deviation. If the probability function f(L) 

is thought as a mass spread to x-axis, the expectation value and variance of 

probability function can be understood physically as a centre of gravity and as a 

moment of inertia around the centre of gravity.   

 

Expectation value, Mean  ( )∑= iim LfLμ   or ( )dLLLf
L

L
m ∫=

max

min

μ   (1) 

Standard deviation  ( ) ( )i
i

mi LfL 2∑ −= μσ  or ( ) ( )dLLfL
L

L
m∫ −=

max

min

2μσ  (2) 

 

Some distribution density functions use the geometric (instead of arithmetic) mean 

and standard deviation  

Geometric mean  
NN

i
ig L

1

1
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ∏

=

μ  and its logarithm
j

N

j
jj

g N

LN

∑
∑

== 1
ln

ln μ  (3) 

 

where subindex i is connected to an individual crystal and j is connected to the size 

range. This means that Li is the size of an individual crystal and Nj is the number of 

crystals of size Lj.  

 

Geometric standard deviation 

( )
N

L

g

N

i gi

e
∑

=
=

−
1

2lnln μ

σ  or  
( )
∑

∑ −
= =

j

N
j gjj

g N
LN1

2lnln
ln

μ
σ  (4) 

Some frequently used density distributions have been collected to table 1, where the 

log-normal-distribution is in the form given by Randolph and Larson (1988, 24-25). 

Gamma function is given according to Laininen (1995), which is mathematically 

similar to the form given by Randolph and Larson, except that the parameter relation 

is modified. Constrained log-normal distribution can be used when the considered 

particles are wanted to be limited inside the size range (Irani 1959). The population 

density distribution, n, is often modeled with Rosin-Rammler distribution (Randolph 

1988, 26) and figure 4 shows an analysis of the flexibility of the Rosin-Rammler 

distribution model.  
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The use of the modified beta-function, whose mode is xm=a/(a+1), is suggested 

because of its flexibility (Popplewell et al. 1988). The size distribution of a precipitate 

formed by nucleation and subsequent random collisions of and binary reactions 

between growth units should be log normal (Söhnel 1992, 170). If the growth rate is 

size-dependent dx/dt=kx, the resulting mass-based distribution should also be log – 

normal (Söhnel 1992). 

 

Table 1 Collection of distribution density equations, see also collection table of 

Randolph and Larson. (Randolph 1988, 19-49,  Söhnel 1992, 169-173, 

Myerson 1993, 48, Laininen 1995, 75-76, Mullin 2001) 
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Figure 4 Analysis of Rosin-Rammler distribution parameters. 

 

Different fittings of log-normal distribution to density distribution data are compared 

in figure 5, which shows that the risk of local minimums of fittings exists. If the 

different fittings are used to study crystallization kinetics, it results in fully different 

values for the nucleation and growth rate.   
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Figure 5 Example of local minimums of Log-Normal density distribution fitting. In 

two first lines of the legend, initial values related to the geometric mean and 
geometric standard deviation are given. The grey line has been computed 
with the values of μg and σg. 
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The number distribution results of image analysis (PIA) have been converted to 
population density distribution, see equation (81), with suspension density 
information.  Comparison of CSD characterization with log-normal and Rosin-
Rammler distribution is given in table 2 and figure 6.  
 

Table 2 Fitted parameters of distribution models and values of the volume shape 

factor, kv.  
AMS 

Solution 

τ, 

min 

kV, 

‐ 

MT  

kg/m3 

Fitted Parameters 

a / b 

      Log-Normal Rosin Rammler 

Pure  20 0.7748 40 94.82 1.13 1.93 2.71e-05 
 40 0.7980 60 197.3 1.17 2.28 2.46e-06 
Impure  20 0.5479 35 143.0 1.19 1.73 4.03e-05 
 40 0.6255 55 147.8 1.23 1.87 1.71e-05 
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Figure 6  Fitted Log-Normal and Rosin-Rammler distributions based on PIA-

analysis results of continuous crystallization from a pure and impure 

ammonium sulfate solution.  
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2.1.1.1 Moment method 

 

Distributions can be analyzed with the moment method. The kth moment of a sample, 

μk, including Ntot crystals is described with equation (12) (Kreyszig 1999, 1107). 

 

∑
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N 1

1μ
       

(12) 

 

Randolph and Larson (1988, 39) have derived moment equations for different 

distribution equations based on description (13) of moments related to the origin. The 

integration limits could theoretically be from negative infinity to positive infinity. 
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The mathematical kth moment is a special case of expectation (the mean), μm 

(Kreyszig1999, 1077).  

 

2.1.1.2 Moments of population density 

 

When population density, nd(L), is used as the probability function, f(L), and the 

average size of the size fraction is Lj, then 
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Moments 0 to 3 of the crystal size with population density as the probability function 

have a physical meaning. Population density is a derivative of the crystal number 

respect size, Eq. (81). Therefore the values of are the cumulative values of the 

moment for crystal suspension. The total number of the particles in a unit volume, NT, 

is the zeroeth moment, Eq. (19). The first moment, Eq. (20), is the cumulative length 
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per unit volume, LT. The second moment, Eq. (21), is the cumulative surface area per 

unit volume, AT. The third moment of the population density, Eq. (22), is the 

cumulative volume of the particles per unit volume, VT.  

 

An example of an analytical solution of moment equations by using the 3rd moment of 

the crystal size with population density as the probability function as given below. A 

solution with mathematical intermediate steps is given in equations (15)-(18). Before 

integration, substitution of equation (86) of the population density is required in the 

following way:  
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The form of the above integral is as follows (CRC60th p.A-83): 
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The solution of the above integral from 0 to ∞, with values m=3, a= –1/Gτ and x=L is 

presented below: 
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(18)
 

 

  

Moment equations (19-22), are given in most of crystallization handbooks; see for 

example Mullin (2001, 410). 
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The volume and surface area shape factors are described as a relation to volume of 

cube and surface area of square, respectively. In the case of size dependent growth 

rate, there is a need for numerical solutions of moment equations. When the total 

volume of crystals is multiplied with the particle density, ρc, the cumulative mass of 

the particles per unit volume can be obtained. Suspension density, MT, is the mass of 

all particles per unit volume of suspension. When it is taken into account that the 

population density of nuclei can be computed from the relation of the nucleation rate 

and growth rate, see equations (108) and (109), equation (23) of suspension density 

includes the nucleation rate, B, and the linear growth rate of crystals, G. 
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2.1.2 Shape, morphology, habit 

The morphology, shape and habit of a crystal are terms describing particle shape. The 

term morphology is used when it is wished to underline that there exists a specific 

characteristic, material and structure-dependent shape for a known crystallizing 

compound, and it is described with the combination of miller indexes of each face and 

unit cell information. Habit is described with the relative lengths of major axes of the 

crystal (Randolph 1988, 17) or it is defined by the relative rates of its growth in 

different directions (Mersman 1995, 402). Variation of the relative change of the size 

of faces is called habit modification (Mullin 2001, 22). Habit is also defined by 

arrangement of planar faces described with miller indexes (Brittain 1999, 238). Shape, 

see figures 7 and 8, is the most general word for the external appearance of a crystal.  

 
Figure 7 Ammonium sulfate crystals from continuous cooling crystallizations with 

different impurity concentrations of mother liquor. The images have been 
taken from different crystal samples of the author.  

 

 
Figure 8  (A) SEM images of β-L-glutamic acid crystals precipitated from a 1.5M 

solution of MSG with 1.5M Sulphuric acid Paper II. (B) SEM image of L-
glutamic acid β-polymorph crystals (scale bar = 200). Crystallization was 
done with natural cooling from a saturated solution at 80°C to room 
temperature (Dressler 2008) (C) Needles β-polymorph of L-glutamic acid 
(Hammond 2005). 
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Table 3 contains a collection of different shape factors. Dick has used light scattering 

to measure the sphericity index (Heffels 1998).  Image analysis methods are widely 

used in the measuring of dimensions for shape factors. The modeling of kinetics of 

crystallization uses the length, surface area or volume relation between the studied 

crystal and a cube with characteristic side length. Some factors influenced by the 

crystal shape are: a) suspension handling and filtration during processing; b) handling, 

packaging and storage of crystalline products; c) milling, grinding and dusting; d) 

granulation; and e) dissolution rate. 

 

Table 3 Shape factor descriptions according to Oja (1996, 82-85). Oja has used 

shape factors in the recognition of particle shape with self organizing maps. 

Shape factor 

Equation  

Variables 

S
sp=Ψ  

Ap actual area of projected particle image, m2 
c perimeter of the circle with the same area as 

the particle when the particle rests on its 
largest face, m 

Cp actual perimeter of particle image, m 
d particle diameter, m 
dFm mean Feret diameter, m 
dF(max) maximum of Feret diameter, m 
dF(min) minimum of Feret diameter, m 
dp perimeter diameter, m 
N’ number of corners in a particle, - 
r curvature of particle corner, m 
R radius of the maximum inscribed circle of a 

particle, m 
sp surface area of a sphere of the same volume as 

the particle, m2 

S actual particle surface, m2 
Ψ  degree of true sphericity 
Φ  circularity 
Φp roundness 
Φ1-6 shape factors defined by the equations on the 
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Image analyzing methods are applied widely in analyzing samples off-line (Pöllänen 

2006). In situ methods (Li 2008) have been developed since 1990, and e.g Scott et al. 

(1998) have analyzed crystal shape with in-line camera.  Kramer and Clark (1996) 

have studied the limitations of microscopy. Commercial manufactures of in situ video 

microscopes are Mettler Toledo (Lasentec) ja MTS. 

 

Morphology connects the shape of a unit shell to habit with faces described by Miller 

indices. A unit shell is described with three axes (a,b,c) and angles (α,β,γ) between 

them. The shapes of unit shells are classified to well known groups like cubic, 

orthorhombic, triclinic etc. The miller index (h,k,l) is the relation of the interception 

point and length of unit shell axis in the direction of the axis. Davey  (Garside 1991, 

150), Hirokawa et al. (1955), and Dressler et al. (2008) have studied crystal 

morphology of L-glutamic acid crystals with molecular modelling. Dressler’s 

predictions of morphology are compared with α-L-glutamic acid crystals produced by 

reactive crystallization from a monosodium glutamate solution with sulfuric acid in 

figure 9.  

 

  
 

Figure 9   (A) predictions of pure α-L-glutamic acid (Dressler 2008), (B) SEM 

images of α-L-glutamic acid crystals precipitated from a 1.5M solution of 

MSG with 1.5M sulphuric acid (Present study), (C)  pure α-L-glutamic 

acid (Hammond 2005). 

2.1.3 Polymorphism 

 

A polymorph of crystalline material is described with a unit cell and lattice.  

Variations of molecule arrangements and/or conformation in crystal lattice of one 

chemical compound are polymorphs (Brittain 1999, 1). They have in many cases 
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different crystal habits, but not necessarily always. All different morphologies and 

habits with a similar unit cell, lattice and conformation of molecule are the same 

polymorph. Typical identification methods of different polymorphs are based on X-

ray diffraction, FTIR- spectroscopy, or Raman spectroscopy (Brittain 1999, 227-271).  

L-glutamic acid crystals have four different forms of two polymorphs, the α-

polymorph has prismatic and granular appearance, and the  β-polymorph has needles 

and flakes (leaf-like) appearance (Kirk Othmer, Vol 2, p.413). Figure 9B shows that 

many habits exist in one figure of α-L-glutamic acid. See also figure 11 of Paper III 

and figure 3 of Paper II. 

 

Discontinuous and irregularity in the slope of the solubility curve indicate a 

possibility of polymorph change (Tung 2009, 32 and Mullin 2001, 282). Especially 

physical properties are affected by the polymorph. The polymorph can be critical for 

the crystallization process itself, as for example crystals can form a non-flowing mass 

filling the whole crystallizer.  The polymorph can also be critical for downstream 

processability (solid-liquid separation of β-L-glutamic acid is more difficult than that 

α-L-glutamic acid). The polymorph can also be important for end use properties like 

dissolving (medicines) or opacity (pigments). Grant has made a classification of 

properties connected to polymorphism (Britain 1999, 7).  

 

Table  4 Classification of crystal properties (Brittain 1999, 7). 
Packing properties Molar volume and density 

Refractive index 
Conductivity, electrical and thermal 
Hygroscopicity 

Thermodynamic 
properties 

Melting and sublimation temperatures, Internal energy 
(i.e. Structural energy), Enthalpy, Heat capacity, 
Entropy, Free energy and chemical potential, 
Thermodynamic activity, Vapor pressure, Solubility 

Spectroscopic 
properties 

Electronic transitions (UV-vis absorption spectra) 
Vibrational transitions (far IR or microwave absorpt.) 
Nuclear spin transitions (i.e. nuclear magn. res spec.) 

Kinetic properties Dissolution rate 
Rates of solid state reactions 
Stability 

Surface properties Surface free energy 
Interfacial tensions 
Habit (i.e. shape) 

Mechanical 
properties 

Hardness 
Tensile strength 
Compactibility, tableting 
Handling, flow and blending 
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Stable polymorph formation via polymorph transformation can be followed if an 

unstable polymorph is crystallized first with spontaneous nucleation. Some crystals 

are unstable also as a dry solid, but many unstable forms in the solutions are stable 

when they are dry crystals (Mullin 2001, 280). The crystallization process can be used 

to control polymorph formation by adjusting the temperature range, cooling rate or 

supersaturation level in general, the used concentrations, seed crystals, and additives 

(Ohtaki 1998, Brittain 1999). The control of crystallization aims at producing a 

wanted form by initiation of nucleation at metastable conditions or to prevent 

polymorph transformation. 

 

2.2 REQUIREMENTS 
 

Product quality requirements are limit values of characterized properties. The 

chemical purity of a dried solid is in many cases a strict starting point of meaningful 

solid-liquid separation processes. Size and shape affect the specific surface area and 

the purity level reached with solid-liquid separation. Too small crystals can cause 

capacity problems because of difficulties in solid–liquid separation. Other 

mechanisms affecting the purity level are the formation of inclusions and co-

crystallization. Chemical impurities have limits based on end-user requirements or the 

law.   

 

Size requirements for crystalline product depend fully on the end use of the crystals. 

In the pharmaceutical industry, narrow CSD is desired, to get an approximately 

similar dissolving time for the crystals. The maximum crystal size has to be limited to 

avoid too long dissolving times. Further processing, like filtrations and milling suffer 

from the smallest crystals. Granulation, bagging,   hopper and dust control are 

examples of post treatment processes affected by crystal properties. The end user of 

API is mostly interested in the functionality and dosage of API (possible worries of 

side effects etc. are ignored here). Dissolution properties of tablets are formed by 

crystal properties, like size and polymorphs (Brittain 1999, 308-325), the granulation 

process, and tableting.  In the granulation process, one or more API together with a 

mixture of excipients needed for granulation and tableting purposes is mixed. Physical 
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and chemical properties of medicines have to be ensured during storage, and the 

stability of the crystalline form of API is critical in this. 

 

Some foodstuffs are crystalline, and/or their manufacturing processes includes 

crystallization. The size of ice crystals in ice cream and coconut butter crystals in 

chocolate affect the taste.   Salt crystals can be dissolved to food, or to give extra taste 

of salinity, they can stay undissolved when served. Sugar and salt have well known 

commercial size fractions for different purposes.  

 

Another wide area of crystalline products are pigments and fillers. The precipitation 

of a filler was studied in the present work, and the obtained results are shown in 

Paper VI. The major group of compounds (75-95%) of the coating layer used in paper 

coatings is pigments. Some of them are also used as filler material. Pigments vary 

from white mineral pigments to fully synthetic plastic pigments. Pigments in a coating 

layer are classified as major (>50%), additional (<25%), and special pigments. The 

function of pigments and paper fillers is to cover the paper surface and to form the 

optical and absorption properties of the paper. In the coating process the printability 

and outlook of the paper is improved by filling the pores and cavities of the paper 

partly or fully with one or several coating layers. Some properties of paper affected by 

the coating layer are smoothness, dust formation, gloss, opacity, strength and 

stiffness. The printability properties of paper like color demand and sharpness of print 

quality are influenced by the coating layer. (Lehtinen E. 2000) 
  

Table 5  Annual production rates of crystallized paper pigments in Finland. The 

total consumption of paper pigments in 2008 was 3.3 million dry tones 

(Lehtinen M.J. 2009). 

Pigment capacity 

kt/a 

PCC Precipitated calcium carbonate 450 

PCS Precipitated calcium sulfate 30 

 TiO2 240 
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In coatings, the PCS product improves the opacity and optical properties, and the 

structure of the coating can be adjusted, providing more leeway in the operating 

parameters. As with PCC, the possibilities of adjusting the crystal size and form 

easily, as well as the particle size distribution of PCS are a benefit.  Furthermore, the 

filler/fiber ratio can be increased, which means cost savings to the papermaker.  

(Lehtinen E. 2000) 

 

A fine pigment forms a glossy coating layer, but great amount of binding agent is 

needed.  A disk-shaped or leaf-like pigment also forms a glossy coating layer, and a 

great amount of binding agent is needed. Additionally, this type of pigment produces 

a dense and smooth coating layer with good opacity.  A wide CSD decreases opacity. 

Increasing the particle size of the pigment decreases glossiness, smoothness, ink 

absorption and opacity.  The pigment should be inert and homogenous, and it has to 

have small specific gravity. Processability causes a need to have high suspension 

densities together with good flowability. (Lehtinen E. 2000) 

 

3 INTERACTION OF ELECTROMAGNETIC WAVES AND 
MATERIAL 

 

The topic is interesting from two points of view; the optical properties of the product 

crystal and as a basis of analysis in the measurement of the solution and solid 

properties. In the beginning of the 19th century it was shown experimentally that in the 

atomic scale, the smallest unit of light, photon or quantum, has a dualistic nature. Two 

characteristic properties of light are the wave motion described with Maxwell’s theory 

of electromagnetism, and the discontinuous quantum or photon (i.e. particle or 

impulse) according to the quantum theory. Electrons were also shown to behave like 

wave motion under specific conditions (Kivinen 1988, 37).  

 

The description of light in the wave theory is done with characteristic numbers: wave 

length, λ, frequency, f, amplitude, A, intensity, I, energy, E, and the direction of 

oscillation. Amplitude is half of the height difference of the top and bottom of a 

sinusoidal electric field. The intensity of radiation is directly proportional to the 

square of the amplitude 2AI ∝ . Cycle time, tc, is the time between two tops of wave 
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motion. Angular velocity is connected to frequency, ω=2π/tc=2πf. Light velocity as 

function of frequency and wave length is described with equation (24). 

 

λfc = ( 24) 

 

3.1 ELECTROMAGNETISM 
 

The interaction of electromagnetic waves with the environment can be understood 

with the theory of electric and magnetic fields. It has been proved experimentally 

(Wahlstrom 1979, 21) that the electric vector of radiation is essential for optical 

properties, and the magnetic vector has a minor effect. The electrical field is described 

as the force acting on a positive unit charge at that point, E=F/q. There is an analogy 

with the mass acceleration in the gravity field of the earth, g=F/m. Another 

description of the electrical field is the change of electrical potential in a vacuum at a 

distance, E=ΔΦp/s. When Coulomb’s law, F= qq´/ (4πε0s2) for the force acting 

between two charges in a vacuum is taken into account we, obtain equation (25) for 

the electrical field intensity. The electric flux density is given with equation (26). The 

magnetic flux density is connected to the magnetic field intensity and permeability 

with equation (27). 
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Permittivity, ε, a physical property of material is characteristic for the interaction 

between the electric field and material. This characteristic is described as the 

capability of polarization in the electric field. The polarization phenomena reduce the 

electric field. Relative permittivity is the relation of the permittivity of material and 

the permittivity of a vacuum. The permeability of a vacuum is not a function of light 

velocity. Vacuum permittivity, ε0, permeability, μ0, and light speed at vacuum, c, are 

connected to equation (29).  A similar equation (30) is valid for the phase velocity, up, 

of radiation in material.  
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Electromagnetic phenomena connected to the interactions of charged particles are 

described with Maxwell’s equations of electric and magnetic fields, together with the 

Lorenz force law (Serway, p.716). 

 

3.2 INTERACTION OF LIGHT AND MATERIAL 
 

When the optical or spectroscopic properties of a solution and a crystal are studied, 

the focus is on the interaction of electromagnetic radiation and material. The 

interaction can be thought as a collision of a photon (quantum) and an electron, and 

interaction can be thought to occur between the wave motion and a charged 

elementary particle, electron. Change in the direction of light can be caused by 

different mechanisms like refraction, scattering, reflection, diffraction and 

interference, which are strongly affected by the refractive index of solid material. 

Spectroscopic analyses are based on different intensity changes of different wave 

lengths of radiation with absorption and emission mechanisms.  

 

3.2.1 Refractive index, optical density 
 

Refraction of light at the phase interface, change of direction of light when light goes 

through phase interface, is connected to the formation of temporary dipoles of atomic 

level, i.e. polarization of molecules. The electrons of an atom in a periodically 

changing electro-magnetic field move back and forth, forming an oscillating dipole, 

leading to polarization of the electron sheath.  This causes a change of phase velocity 

of radiation. Snell’s law from year 1620 connects the angle of incidence, θ1, and angle 

of refraction, θ2, to the relation of light speed in different materials. 
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In France this law is known as Descartes law. Descartes proved the law with the 

corpuscular theory and Snell made his deduction with experimental observation of 

incoming and refracted light (Serway 1986, 802). The description of the refractive 

index is given with equation (30). The phase velocity of an electric field is inversely 

proportional to the refractive index. 

rrpr
p

R u
cn εεμ ===  ( 31) 

 

Snell’s law can be modified to form equation (32) when it is taken into account that 

for most non-magnetic or non-polar materials (water is strongly polar), relative 

permeability is a unity (Ulaby 2001 , 304) and equations (31), (28) and (29) are valid. 
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Physicists often use the complex form, NR, of refractive index (31) in the case where 

refraction or reflection happens simultaneously with absorption (Harrick 1966). This 

presentation includes the refractive index as the real part, and the extinction 

coefficient, kE, as the imaginary part. The imaginary part is connected to the 

evanescent wave of attenuated total reflection. The extinction coefficient describes the 

attenuation of the electric field with absorption in the medium (Peiponen 1999, 8) and 

it is used widely in UV- and Vis-spectroscopy. The absorption of white material is 

almost zero, and because of that, the extinction coefficient is almost zero. In this case 

equations (31) and (33) are equal. 

 

ERR iknN +=  ( 33) 
 
The  dielectric function (34) is known to describe the optical properties of the medium 

(Adachi 1989).  The  refractive index and extinction coefficient can be computed from 

the real and imaginary values of the dielectric function (34) with equations (35) and 

(36) (Adachi 1989). The absorption coefficient, α, is related to the extinction 

coefficient in equation (37). 

 
( ) ( ) ( )ωεωεωε 21 i+= ( 34) 
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The polarization of the electron sheath causes an electric field which works against 

the electric field of incoming radiation and decelerates it; the higher the induced 

electric field, the higher the change of velocity of radiation and the bigger the 

refractive index. The different energy levels of different wave lengths are cause 

dispersion of the refractive index (Garey 1977, 47), i.e. wavelength dependence of the 

refractive index.  

 

The refractive index is a material-dependent but size-independent property, which has 

wavelength-dependent dispersion. The refractive index of the vacuum, air, water and 

infrared class (IRE material) is 1, 1.0003, 1.333 and 2.5, respectively. The thermo-

optical coefficient, –dnR/dT, of liquids with nR= [1.45, 2.5] is in the range 0.00035… -

0.0007 °C-1. The thermo-optical coefficient of solids is often about -0.00001°C-1 

(Stoiber 1994, 16).  

 

Fairbairn proved in 1943 that the refractive index of ionic compounds is a function of 

ionic radii, coordination of valence ions and the atomic number (Stoiber 1994, 15). 

Gladstone and Dale (Garey 1977, 45) gave an empirical equation (38) in 1864 where 

nR of liquids is calculated with density data and material-dependent specific 

refractivity, K.  Specific refractivity is the sum of the products of compounds’ specific 

refractive energies, ki and weight fractions, wi, see equation (39). Larsen and Berman 

applied this equation for crystalline materials (Kaplan 1998, 46).  

 
ρKn =−1  ( 38) 
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The dispersion of the refractive index and wavelength dependent absorption can be 

used as a fingerprint to identify a L-glutamic acid crystal at the terahertz region (Yan 

2007). Refractometry is based on the measurement of the critical angle of total 

reflection, and it has been used widely to measure concentration. In the measurements 

the first medium is the denser prism, and the second medium is the analyzed liquid. 

Process analyzers are based on the detection of the light edge with a photocell. 

Aumala (1996) has listed typical industrial applications utilizing refractometry, such 

as sugars, lactic acid, proteins, fats, lye, lignin, starch, hydrogen peroxide, sodium 

chloride, sodium hydroxide, sodium sulfate, potassium carbonate, aluminum sulfate, 

magnesium chloride, strong sulfuric acid, citric acid, form aldehyde, urea, glycol, 

amino acids, glues, lubricants, and wax products. According to the quality system 

ISO9000, the calibration of refractometry is done with solutions described in N.I.S.T 

standards #1813 I ja #1823 II (Aumala). 
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3.2.2 Absorption 
 

The basic form of the exponential law of absorption were separately presented by 

Pierre Bouguer and Johann Lambert in 1700s (Jenkins 1976, 231). The basic form 

does not take concentration into account. The change in radiation intensity in eq. (40) 

is caused by two separate classes of mechanisms, absorption and scattering (Jenkins 

1976, 458,459).  
( )ssaeII αα +−= 0  ( 40) 

where αs the scattering parameter 

 αa the absorption parameter 
 

 

The Beer-Lambert law (Castellan 1983, 586), (41) , does not separate scattering and 

absorption, but it includes concentration dependence, and it is commonly used theory 

in analyzing the concentration of solid free solutions. 

 
skcII −= 100  ( 41) 

 

Transmittance, T, is the relation of incoming and outgoing radiation (43), and 

absorbance is the common logarithm of transmittance (43).  

0I
IT =  ( 42) 

TA 10log−≡  ( 43) 

 

When the Beer-Lambert law (41) is valid, equation (43) for absorbance, A, can be 

solved 

kcsA =  ( 44) 

 

3.2.3 Scattering 
 

The term scattering in the exponential law of absorption covers several different 

mechanisms of the intensity decrease of electromagnetic radiation.  These 
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mechanisms are refraction, diffraction and interference. Interference describes the 

combined effect of two simultaneous waves in the medium, and it is observed with 

interference fringes. Diffraction as phenomenon was first shown by Francesco 

Grimaldi in 1660 (Serway 1986, 795).  The phenomenon is applied in x-ray 

diffraction based crystal structure analyzes.  The diffraction angle, θ, of incoming 

radiation at the edges of the crystal structure is modeled with Bragg’s law (Stoiber 

1994, 100).  

 

3.2.4 Reflection 
 

Reflectance, R, i.e. the relation of the amplitudes of the electric vector, Ep, of 

incoming and reflected light, is described with equation (45). The law of reflectance 

(46) is derived from Fresnell laws (Jenkins, 524-525). Reflection takes place with the 

angle of reflection, θ2, which is equal to the angle of incoming radiation, θ1. Sinθ2 is 

solved from equation (32) and it is inserted to the intermediate step when equation 

(46) is solved. An accurate solution for reflectance is equation (47), when radiation 

comes in the direction of the normal of the surface, θ1 =0.  

 

2
1,

2
,

2
1,

2
,

p

rp

s

rs

E
E

Rand
E
E

R ==  ( 45) 

2

12

12

2

1,

,
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
−

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

RR

RR

s

rs

nn
nn

E
E

R (46) 

 

For cases where the refractive index of incoming material is almost one, nR1≈1, 

equation (30) can be used. 
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A multiphase system, where the reflection mechanism controls the intensity of 

transmitted light, is transmittance, T. Transmittance depends on the reflectance and 

number of reflections, Nr, in the following manner: 
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( ) rNRT −= 1
 

( 48) 

One application of the connection of transmittance and reflectance is the so called 

transflectance probe, where the light path has a fixed length. Abebe et al.(2008) have 

shown that NIR spectra from a transflectance probe (12 mm optical path length) give 

information about the crystal size, crystal concentration and crystal polymorph at a 

wave number range 12000-5000 cm-1.  

 

Reflection, scattering and absorption all depend on the refractive indexes of the solid 

and/or solution. In attenuated total reflection, absorption of the evanescent wave 

changes the intensity of reflected radiation, see chapter 4.1. The concentration 

measurement of the solution in the present work is based on ATR-FTIR –

measurement. 
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4 SPECTRAL MEASUREMENT 
 

Crystallization is a unit operation which can be monitored from different points of 

view. What is the operating pressure, the temperature or the pH? What kind of flow 

patterns are obtained and how long are the mixing times? How high mixing power is 

sufficient? What are the differences in local values of suspension density or crystal 

size, etc? Local concentrations are traditionally determined with the measurement of 

the refractive index, viscosity, density or conductivity. Especially density and 

refractive measurements have been used widely (Rawlings 1993). Process analytical 

technology (PAT) has developed to the direction where crystal quality and/or process 

conditions are analyzed in situ without sample taking.  

 

In the reactive crystallization process, a sparingly soluble compound is formed in 

consequence of a chemical reaction. Therefore, the mother liquor usually contains 

several compounds, such as the crystallizing compound, reactants, solvents, side-

products and impurities. The solid phase can also have several forms. As a summary, 

the quantification of various components involved in the precipitation process is a 

challenging task, and it requires the use of sophisticated mathematical methods. 

Spectral data are usually needed to interpret the crystallization process by multivariate 

methods. The methods are applied for monitoring and control purposes.  

 

Ionic and dipolar relaxation, and atomic and electronic resonance are mechanisms 

affecting the spectral data. Infrared spectroscopy interacts with the vibrational and 

rotational structure of the analyzed compound. Because of that, the spectrum can 

provide concentration information of different species simultaneously.  Yan et 

al.(2008)  have done a detailed study of the absorption mechanism of L-glutamic acid 

at terahertz range; see figures 13a and 13b . The same compound was used in the 

present work. This section contains an overview of the variables affecting to 

concentration measurement with attenuated total reflection (ATR). 
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(a)    (b) 

Figure 10  Conformation of the L-glutamic acid molecule, where the arrowheads 

point in the torsion direction of the molecule corresponding to the 

absorption peaks of 1.21 THz (a) and 1.97 THz (b). (Yan 2008) 

 

Schöll has used the Beer-Lambert law with group-specific wave lengths as shown in 

table 6,  and simple two-point calibrations for each component (Schöll 2006). This is 

possible in the case of transmission with a fixed path length. 

 

Table  6  Group- specified wave numbers for L-glutamic acid (Schöll 2006). 

Wave number 

1/cm 

Group 

1730 C=O, stretching mode of carboxylate, present when pH<4.2 

1560 Asymmetric carboxylate ion stretching vibrations, high pH values 

1560 NH2 deformation 

1451 CH2 deformation, no changes over pH area 

1404 symmetric carboxylate ion stretching vibrations, high pH values 

 

The spectral ranges of visible and infrared area are visible light (400-780 nm), NIR 

(780-2500 nm), MIDIR (2500-10000 nm), thermal (105 nm), and far infrared (106 nm) 

areas. In general, MID IR, which is the range of the absorption spectrum used in the 

present study, is given as a function of the wave number.  
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4.1 ATTENUATED TOTAL REFLECTANCE - FOURIER TRANSFORM 
INFRARED 

 

Attenuated Total Reflectance - Fourier Transform Infrared (ATR-FTIR) spectroscopy 

is a commonly used technique to determine the organic solute and solvent 

concentrations of solutions. Sometimes it is called multiple attenuated internal 

reflection, MIR, or frustrated MIR, FMIR. Concerning crystallization, the strengths of 

ATR-FTIR are its relatively high resolution and capability to measure solution 

concentrations in thick solid-liquid suspensions, including also aqueous solutions. The 

first article of internal reflection spectroscopy was published by Taylor in 1933, and 

50 years later Wilks published the a study concerning FTIR spectroscopy equipped 

with a cylindrical internal reflection element (IRE) (Mirabella 1993, 2-15). Dunuvila 

has studied analysis methodology and gives a basis for monitoring and control studies 

based on spectroscopic in situ measurements of the solution concentrations of 

crystallization (Dunuvila 1994 and 1997).  

 

The theoretical background for ATR is based on Snell’s law (40). A critical angle is 

the angle of incidence with a 90° angle of refraction. Because the index of refraction 

is defined with nR=c/up Snell’s law can be modified to get equation sinθc=nR2/nR1 for 

the critical angle, θc. When the angle of incidence is higher than θc, light is reflected 

with changed intensity. Total reflection happens with a smaller incoming angle when 

the refractive index of material of the incoming side increases. The phenomenon 

affecting light intensity is the absorption of light. According the wave theory, 

absorption in connection with attenuated total reflection is modeled with an 

evanescent wave, Figure 11. As a result transmission spectrum is obtained, whose 

intensity is changed as a function of wave length for attenuated total reflection.  

 

Absorption is often described with the Beer-Lambert law (41). According to the Beer 

–Lambert law, absorbance is directly proportional to the path length. Path length b is a 

function of penetration depth Dp, which according to Harrick is described with 

equation (49) (Harrick 1966). 
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Figure 11 Attenuated total reflection at the surface layer of IRE according to the 

wave theory. (Mirabella 1993) 

 

With effective thickness, it is possible to write an analogy for attenuated total 

reflection and the exponential law of absorption, I=I0exp(αcs). Based on series 

development of the exponential function, equation (50) is valid for low absorption. 

According to Harrick, it is possible to write equation (51) for reflection by analogy 

(Harrick 1966). 

s
I
I α−≈ 1
0

        (50) 

edR α−= 1         (51) 

 

For N times, the reflection equation (52) is written to the form (53), and for the case 

of low absorption it can be simplified by series development to the form of equation 

(53). 

( ) rr N
e

N dR α−= 1        (52) 

er
N dNR r α−≈ 1        (53) 

 

Penetration depth is one of the four factors governing the effective thickness which 

controls the strength of interaction of the evanescent field (Harrick 1966). Equations 

(54) and (55) are valid for the effective thickness of the parallel and perpendicular 
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electric vector (Harrick 1966). The values of equations (49), (54) and (55) are 

compared in figure 12. 
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Figure 12 Relative penetration depth and relative effective thickness for AMTIR-1 

(registered trademark) IRE as a function of wavelength with different 

liquid refractive indexes. 

 

The nR for water is about 1.33 and for concentrated sulphuric acid 1.4 (sulfuric acid is 

used as a reagent in the present study). The wave number dependence on the 

refractive index of IRE material (wwwref1), see figure 13, and distilled water 

(Daimon 2007) is taken into account in computing the penetration depths with 

equation (49), figure 14.  

 

0.00
0.50
1.00
1.50
2.00
2.50
3.00

0 2000 4000 6000

R
ef
ra
ct
iv
e 
in
de

x,
 ‐

wave number, cm‐1

AMTIR‐3

AMTIR‐1

ZnSe

Water

 
Figure 13 Wave number dependence of the refractive index of IRE-materials.  



51 
 

0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40

0 2000 4000 6000

Pe
ne

tr
at
io
n 
de

pt
h,
 μ
m
‐

wave number, cm‐1

AMTIR‐1
ZnSe

 
Figure 14  Penetration depth in contact with distilled water and AMTIR-1 or ZnSe 

IRE with a 45° incidence angle.  

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08

0 1 2 3 4

D
p,
 R
el
at
iv
e 
ch
an
ge
,‐

c, mol/L

Sodium citrate

Sodium acetate

 
Figure 15 Relative change, [Dp(c) - Dp(pure water)]/Dp(pure water), of penetration 

depth as a function of dissolved concentration. The refractive indexes for 
the solutes have been taken from the CRC Handbook of Chemistry and 
Physics.  

 

The Beer-Lambert law is difficult to use in the case of attenuated total reflection, if 

the index of refraction for the liquid phase is not known as a function of component 

concentration and wave number, which means that the path length is not known.  For 

example according to figure 15, the Dp of the sodium citrate solution varies by 7 

percent when the concentration changes from 0 to 1.7 mol/l. 

 

Different IRE-geometries are shown in figure 16. Horizontal IRE requires pressure in 

analyzing powders or films. The reproducibility of pressure is produced with a micro 

screw. Horizontal IRE without pressure is used in analyzing liquids.  Cylindrical IRE 

is used with flowing liquids (Workman 1998, Mirabella1993). IRE – materials 

collection is shown in table 7.  AMTIR (registered trademark Amorphous Materials 

Inc.) is infrared glass (germanium, arsenic, selenium), whose transmission area is 

11000-625 cm-1. AMTIR dissolves in concentrated alkalis (Mirabella 1993, 105). 

Zinc selenide is toxic, and therefore it cannot be used for food applications and with 
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high or low pH values (Mirabella 1993, 105). The transmission range of zinc selenide 

is 20000-460 cm-1. 

 

Table 7 IRE materials used in industrial applications (Mirabella1993, 61). 

 
 

 
Figure 16  Different IRE geometries and structures of ATR in situ probes (a and b). 

The acronyms are from Harrick (Mirabella 1993, 31 and 104). The 
structure of Axiom DPR-210 used in the present work is at the right hand 
side (b). 

 

Multivariate modeling tools can be used instead of the Beer –Lambert law to make a 

model between IR spectra and concentrations in a solution. The absorbance of the IR-

spectrum is temperature-dependent. Calibration has to be done with respect to 

temperature and concentration. ATR-FTIR can be used to measure solubility and 

metastable area width. In the literature the method is reported as a method for 

nucleation, growth and agglomeration investigations (Lewinner1999, Fevotte1999, 

Dunuwila 1994).  
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5 EQUILIBIRUM AND KINETICS 

5.1 SOLUBILITY AND SUPERSATURATION 
To understand the direction of chemical reactions, phase change phenomena and the 

driving force of crystallization kinetics, some basic theory of thermodynamics needs 

to be clarified. Three laws of thermodynamics give the frame for the theoretical study. 

1) Energy cannot be formed from nothing and it cannot disappear. It can just change 

its form. 2) Without a contact to the environment, the system always goes toward 

equilibrium. There is no system whose state can change away from equilibrium by 

itself. 3) A pure substance with a perfect crystal structure at absolute zero has zero 

entropy (Kivinen1988). Forms of energy can be classified into kinetic energy, 

potential energy, thermal energy, and energy possessed by virtue of its constitution, 

like chemical and nuclei energy (Castellan 1983, 93).  Heat appears at the boundary 

when energy is transferred as a consequence of a temperature difference, or heat 

appears during the change of state (Serway 1986, 426). According to Hess’s law, 

change of the heat energy of reaction is not a function of the reaction path. It is the 

function of state. Gibbs (free) energy of a system describes the energy connected to a 

molecule outside chemical bonds.  

 
pVATSHTSpVUG +=−Δ=−+=Δ     ( 56) 

 
The energy of the system, U, is the sum of all different forms of energy in the system. 

The definition of Helmholtz energy is TS-UA = . The amount of energy carried with 

the mole of molecules outside chemical bonds is a molar change of Gibbs energy. 

This is known as the chemical potential whose thermodynamic description is given 

with equation (57)  
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To solve the chemical potential of dissolved species is the fundamental equation (58) 

integrated, equation (59), separately for gas, liquid and solid, see table 8. 

 
VdpSdTdG +−=   T=constant     ( 58) 
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Table 8 Study of chemical potential of phases. (Castellan1983, pp. 213, 222, 249, 

280-281, 295-299, 307-311) 

____________________________________________________________________ 
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Integration and solving of 
integration constant gives 
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The chemical potential of one compound is  

iii aRT ln0 += μμ        ( 60) 

and the chemical potential of the electrolyte solutions is 

( )mmimi QmRT ,
0
,, ln ±+= γνμμ       ( 61) 

( ) ννν νν
1−

−
+

+=Q        ( 62) 

When the chemical potential is used, it is essential to pay attention to concentration 

units. The subindexes in equation (63) are m =molality, x= molar fraction and c= 

molarity.  

mmxxcc aRTaRTaRT lnlnln 000 +=+=+= μμμμ    ( 63) 

 

5.1.1 Solid - liquid equilibrium 

 

In the equilibrium, the chemical potential of the solute in the dissolved form 

( )22 ,, xpTμ and in the solid form ( )pTsolid ,,2μ is equal. 

 

 ( ) ( )pTxpT solid ,,, ,222 μμ =       ( 64) 

 ( ) ( )TxRTT Solidsolutesolute
0
,2

0
2 ln μμμ =+=  

 ( ) ( ) 2
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2 ln xRTTT Solid −=− μμ      ( 65) 
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With Gibbs Helmholtz equation 
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it is possible to solve the ideal law of solubility from equation (66) (Castellan 1983, 

286) 
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Equation (87) is known as van Hoff’s equation. A similar equation for the solvent is 

generally shown in the connection of freezing point depression. 

 

5.1.2 Solid - liquid equilibrium of electrolyte solutions 

 

The fundamental equation of equilibrium  

 

 VdpSdTdG +−=        ( 69)  

 

can be modified for a mixture by changing the component fractions  

 

 ∑++−=
i

iidnVdpSdTdG μ       ( 70) 

 

With constant pressure and temperature it is simplified to 

 

 ∑+=
i

iidndG μ        ( 71) 

 

The direction of spontaneous change is to the minimum of Gibbs energy. This means 

that the system has the minimum of Gibbs energy at the equilibrium of the phase 

change reaction and that the dG of the phase change reaction is zero at the minimum.  

 

 0=∑
i

iidnμ         ( 72) 

 

The dissolving of partly dissociating weak acid electrolytes can be modeled with 

sequential reactions. According to Hess law, equilibrium is not a function of the path,  

and the sum reaction (73) can be used for the equilibrium. 
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 ( ) ( )aqBAsBA −+−+ ↔ νννν  

( ) ( ) ( )aqBaqAaqBA −−++
−+ +↔ νννν  

( ) ( ) ( )aqBaqAsBA −−++
−+ +↔ νννν     ( 73) 

 

At equilibrium, it can be written 

 

 ( ) 0lnlnln000 =−++−+ −−++−−++ ABAB aaaRT ννμμνμν  ( 74) 

 

The solubility product is solved with the knowledge that the activity of a pure solid, 

aAB, is unity. 
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The temperature dependence of the solubility product of equation (75) can be 

reformulated as 

 

 
( )

( ) SP
RT

TG

SP KRTTGeK ln0

0

−=Δ⇔=
Δ

−
   ( 76) 

 

5.1.3 Driving force, affinity 

 

A system which differs from the equilibrium is under kinetic change. The direction of 

change is based on thermodynamics. The driving force of crystallization, affinity, is 

given with equation 
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  ( 77) 

 

To estimate the activity coefficients, several methods are given in the literature, one of 

which is the Debye-Hückel relationship (Paper I). From the definition of affinity it 
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follows that the relation of actual activity and equilibrium activity, a/aeq, or the 

relation of actual concentration and equilibrium concentration, c/ceq, correlate with 

affinity. The actual and equilibrium concentrations correlate with the chemical 

potential of the actual and equilibrium states, respectively. From this, it follows that it 

is possible to use the concentration difference, Δc, as the driving force. For the affinity 

of electrolyte solutions equation (78) is valid. 

SP
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  ( 78) 

The relation of the ionic product and the solubility product correlates with the affinity 

of the electrolyte solutions, and for the driving force it can be written: 

SPK
aaS

−+

=
νν

       ( 79) 

 

5.2 MSMPR-THEORY 
 

Although the MSMPR theory (mixed suspension mixed product remove) is derived 

for crystallization, it is useful to give a description of the essential concepts from 

population density to population balance here.  The MSMPR theory is a method of 

sizing crystallizers and predicting product size from kinetic data of nucleation and 

crystal growth.  The solution for the population density in MSMPR crystallizers has 

been presented by several authors, for example Mullin (2001, 407-418). 

 

5.2.1 Population density 

 

The mathematical data treatment of particle populations is based on the definition of 

the number of particles. Let us denote N as the cumulative number of particles in a 

unit volume with unit 1/m3. Approximation of ΔN can be computed from sieve 

analysis with the mean of sieve range.  Population density is defined as a derivative of 

the cumulative number of particles in a unit volume with respect to particle size with 

unit 1/m4, see Eqs. (80) and (81) and figures 17 and 18. 
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( )∫=
L

particlesofnumberd
V

N
0

1
 ( 80)

 

dL
dN

L
Nn

Ld =
Δ
Δ

=
→Δ 0

lim   ( 81)
 

 

Population density, nd, is a key variable of population balance, and it is often used as 

vector of all sizes. Population balance can be understood as the balance of particle 

flow caused by growth and convection. A simplified consideration of population 

balance with a constant, size independent growth rate of crystals, G, offers an 

introduction to the complicated field of population balances. The particle number 

balance for size range ΔL in a vessel with volume V and with constant feed and 

product removal flow rate Q:  

 

tLnQtVGntVGnLVn dddd ΔΔ+Δ−Δ=ΔΔ 2211   ( 82) 

 
Figure 17 Description of population density, nd 

 
Figure  18 Population balance 
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By introducing the residence time τ=V/Q to the particle balance. the derivative of the 

population density can be expressed as follows  

  

( )
0=+

∂
∂

+
∂

∂
τ

ddd n
L
Gn

t
n

     
( 83)

 
 

For continuous crystallization in the steady state at equilibrium, ∂nd/∂t=0. 
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( 84)

 
 

In the case of size independent growth rate 

 

G
n
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dn dd

τ
−=

       
( 85) 

 

For this basic equation of an MSMPR  crystallizer with the boundary values nd = nd0 

as L = 0, the following equation can be obtained: 

 
⎟
⎠
⎞

⎜
⎝
⎛ −

= τG
L

dd enn 0        ( 86) 

 

The number of nuclei in a unit volume is N, when L = 0. The nucleation rate, B, is 

defined as the derivative of N as a function of time t. Mathematical manipulation can 

be used to find the dependence of B on the population density of zero size crystals and 

linear growth rate of crystals. 

 

GnGn
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  B ====
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( 87) 

 

The population density of zero sized particles is 
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G
Bnd =0

       
( 88)

 

The size-dependent growth rate can be expressed by equation (89) (Abegg 1968). 

 

( ) ( )baLGLG += 10 ,  01 ≥< Landb   ( 89) 

 

where G0 growth rate of nuclei  

 

Garside and Jančić (Garside)  have solved a solution of steady state population density 

in an MSMPR crystallizer with size dependent growth rate: 
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As a comparison, an equation for population density of a similar case than above is 

derived below, but the dependence of growth rate is solved from the mass transfer 

theory.   The derivative of the balance equation (82) gives
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( 91)

 
 

When the growth rate is solved with empirical correlations of the Sherwood number 

in the case of mass transfer limited growth rate, see Eq. (131), (132) and ( 137), 

equation (133) is got with assumptions of particle size below 500μm and Sh-number 

over 100. This is inserted to equation (91), and equation (96) for nd is solved with a 

few written steps. 
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The solution of population density with mass transfer-limited size-dependent growth 

rate is given with equation (96). The size of the nuclei is solved with the Kelvin 

equation (102)  
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where r*  critical radius of nuclei 

 K  is given with Eq. (153) 

 

In the case of semi-batch crystallization, Kim and Tarbell (1991) give population 

balance equation (97) for semi batch crystallization, with the assumption of a constant 

feed flow rate and size-independent growth rate. The essential difference to Eq. (96) is 

the existence of a time derivative of population density, because of unsteady state 

operation.  
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The time term τ0 is computed from the relation of the initial volume of the solution, 

V0, and the flow rate, Q, with τ0=V0/Q. For the size dependent growth rate in semi-

batch crystallization based on analogy with equation (97), the population balance is 

given with equation (98). 
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5.3 CRYSTALLIZATION KINETICS 
 

The change of state as a function of time is described with phenomena. A 

heterogeneous system is in most of cases a result of the mixing of two homogeneous 

liquids.  Phenomena nucleation has some known mechanisms. Physical conditions 

like temperature, pressure and flow rate are all connected to the amount of the energy 

content of material. Surface tension is a thermodynamic term describing the energy 

demand of a new surface area.  

 

Nucleation creates a new surface by cluster formation in a homogenous solution or by 

mechanisms connected to secondary nucleation (mass transfer near the surface, 

heterogenic cluster formation and transport of nuclei away from the surface). The 

classical nucleation theory of homogeneous nucleation with intermediate steps for 

derivation of equations of critical nucleus surface area, volume and Gibb’s energy 

change are discussed below. 

 

5.3.1 Nucleation 

 

A starting point of nucleation models is the fact, that part of the collisions between 

molecules causes a bond (i.e. reaction) between the molecules. The well-known 

Arrhenius equation gives the temperature dependence of the reaction rate constant. 

The equation consists of a multiplier connected to the collision rate called the 

frequency factor, Af, and the exponent function part. The exponent function describes 

the fraction of reactive collisions of all collisions. The reactive fraction correlates 

exponentially with the relation of the required energy level called activation energy 

(Ea) and the product of the kinetic gas constant and absolute temperature. 
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When a chain of this type reactions, clusters including n atoms or molecules are 

formed. When n is more than the critical size n*, a nucleus is formed. The basis for 

the correlation between the reaction rate and nucleation rate can be obtained with the 

reasoning presented above. Instead of moles, units (molecules or atoms) are 

considered, which is the reason for using the Boltzmann constant in the equation of 

chemical potential instead of the kinetic gas constant.  

 

The frequency factor cannot explain the collision rate of molecules, because Gibbs 

energy is an extensive variable (sum of parts), and the reaction rate constant cannot be 

modeled without a driving force. In reference pressure, the crystal does not do work 

against the pressure and the Gibbs energy change of crystallization is the sum of the 

change of the chemical potential and energy connected to the surface with surface 

tension, Eq. (101). This is also called free surface energy, and it is described with 

equation (100) 
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Equation (105) of ΔG* connected to the critical size of nuclei is based on the equation 

of the critical radius of nuclei, Eq. (102), presented by Lord Kelvin in 1870 (Mullin 

2001). Nielsen (1964, 1-5) has written thermodynamic derivation of equation (102) 

with the terminology of crystallization. 

 

 
Φ

= mSLVr γ2*         ( 102) 

 
This is inserted to the equation of the critical number of molecules in critical size 

nuclei 
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Equation (101) is written for the critical size of nuclei, equation (103) and equation 

(103) is inserted to equation (104). 

 
*** nAG SL Φ+−=Δ γ
        

( 104)
 

 
As result, equation (105), presented in 1877 by Gibbs (1906, 258) is got. 
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*
* AG SLγ
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       ( 105) 

 
An assumption of a sphere inside the polyhedron in the description of volume and 

generalized radius, r, for any body is made. (Nielsen 1964, 4) 
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Nielsen describes the geometric shape factor with the relation of the surface area and 

volume. The geometric shape factor is significant from the viewpoint of modeling, 

and it can be written also with the surface and volume shape factors kA and kV. 

 

( )
( ) 2

3

23

32

2

3

27
4

27

4
27
4

V

A

V

A
k

k

Lk

Lk
V
A

===β

       ( 107) 
 

From the equation of the critical size of the crystal is solved 
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As a modeling method, the surface area, volume and Gibbs energy connected to the 

critical size of the crystal with a geometrical shape factor are solved.  

( ) 2

222

2*

*
*2** 3

3
21

Φ
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
Φ

== mSLmSL V
V

VAAAA βγγ       ( 109) 

 ( ) 3

333

2*

*
*3** 3

3
2

1
Φ

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
Φ

== mSLmSL V
V

VA
VVV

βγγ

    
( 110) 

2

23*
*

3 Φ
==Δ mSLSL VAG βγγ

      
( 111) 

 



66 
 

The number of molecules in nuclei of critical size can now be written with equation 
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As a result of the study of thermodynamic equilibrium and collision frequency, 

Nielsen has solved the kinetic equation (113) of homogenic primary nucleation 

(Nielsen 1963, 15). 

 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ Δ
−

⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
= Tk

G

Bm

AB Be
Tk

G
nd

DB

*5.0*

*5 3
4
π       

( 113)
 

When n* is written with ΔG*: 
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and inserted to the equation of nucleation rate, it is possible to solve equation (117) 

used in the computing of  the general correlation for nucleation rate, see figure 20, as 

a function of relative supersaturation with different Gibb’s energies of a critical 

nucleus.  
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5.3.2 Growth rate 

 

The growth rate theory has been studied for decades, and crystallization handbooks 

have presented the theory of different growth mechanisms widely. From the 

viewpoint of population density modeling, growth models can be divided to cases of 

size-independent growth and size-dependent growth.  

 

According to Abegg et al. (1968) equations (119)-(121) are valid for the size-

dependent growth rate of crystals. 

 

( ) baLLG =    Bransom (1960)   ( 119) 

( ) ( )LGLG γ+= 10   Canning and Randolph (1967) ( 120) 

( ) ( )bLGLG γ+= 10 ,  01 ≥< Landb  Abegg et al. (1968) ( 121) 

 

Equations (131), (133) and (137) below for mass transfer limited growth rate are 

derived from mass transfer theory. 

 

5.3.2.1 Mass transfer to particle surface 

 

Mass transfer, surface reaction or chemical reaction can be limiting mechanisms for 

reactive crystallization. To get some limit value for the growth rate, derivation of the 

crystal growth rate based on the mass transfer theory is done here. In a mixing tank 

there are valid conditions for forced convection, and diffusive mass transfer from the 

solution to the surface of the particle can be modeled with the Frössling equation 

(Bird 1960).  

 

ba
p ScSh Re2 φ+=

       
( 122) 

   

Rep is the particle Reynolds number. Within Re- range 20-2000, the parameters are 

shown according to some known handbooks in table 9. 
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Table 9  Parameters of Frössling equation 

 Mullin 

/4th , p.266/ 

Bird  

/ p.409/ 

a 0.5 0.5 

b 0.33 0.33 

Φ 0.72 0.6 

 

Dissolving data is often fitted to this equation. The limit value 2 for the Frössling 

equation is valid with small crystals, when the Re number approaches zero. In this 

case the dissolving time is  

 

tD=ρsolidL2/8DAB(-Δc)         ( 123) 

 

In the case of large Sh-numbers (over 100) value 2, which is connected to conditions 

of natural convection, is often neglected. The particle Reynolds number Rep can be 

calculated from 

 

 η
ρ Lut

p =Re
 

 ( 124)
 

In conditions of forced convection, particle velocity related to the fluid surrounding it, 

is called slip velocity.  This is estimated with the terminal velocity of free falling, ut.  

The empirical correlation (Mullin 2001, 268) of terminal velocity for particles below 

500μm is   

 43.029.071.014.171.0153.0 −−Δ= ηρρ st Lgu .  ( 125)

 

The terminal velocity of large, over 1500 μm particles has been given by Nienow  

(Mullin 2001, 269 and 451-453).  

 ηρ
ρ

s
t

gLu Δ
=

4

 
 ( 126)

 
 

The above equations do not take into account the intensity of the mixing or the 

geometry of the mixer. For size range 500-1500 μm, it is recommended to use the 

smaller one of above values. 
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The relative velocity of a particle is the function of size. The thickness of the 

boundary layer is inversely proportional to relative velocity.  The size dependence of 

the mass transfer rate can be connected to the question of the crystal growth rate by 

asking  

 ??
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  ( 127)
 

 

The linear growth rate can be connected to mass flux with equation 
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According to the mass transfer theory, flux is a product of the mass transfer 

coefficient and mass concentration difference between the surface and the bulk 

solution. 

 ( )∞−= cckj sM ( 129)

 

Mass flux from equation (129) is inserted to equation (128), and the mass transfer 

coefficient is solved from the description of the Sherwood number. In a crystallizer, 

there are usually well mixed conditions, and it is correct to consider the situation with 

high values of the Sh-number. Value 2 of equation (122) is left out when the Frössling 

equation is inserted to the result of previous steps. After the regrouping of variables 

equation (130) is got. 
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With the empirical parameters of the Frössling equation (a=0.5, b=1/3 ja Ф=0.72) and 

with equation (126) of terminal velocity for particle size over 1500 μm, equation 

(131) for the mass transfer-limited growth rate of crystals is derived from equation 

(130) 
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If the particle size is below 500 μm, terminal velocity equation (125) is inserted to 

equation (130), and the empirical parameters of the Frössling equation are taken into 

account. The variables are regrouped. Thus when the particle size is below 500 μm 

and the Sherwood number is greater than 100, the linear growth rate of a crystal is 

given with equation (133). 
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Constants K1 and K2 in equations (131) and (133) described with equations (132) and 

(134) are not functions of crystal size, but material-dependent properties, such as 

viscosity, density, solid density and diffusion coefficient. For the size range 500-1500, 

μm the recommendation is to use the smaller one of the above values according to 

terminal velocity equations. The derivation of equation (133) gives 

 

 ( ) 93.0
207.0 −

∞−= LccK
dL
dG

s ( 135)

 
Levins and Glastonbury (Mullin 2001) have presented an equation for the Sh-number, 

where relative velocity is replaced with the energy dissipation rate, and the geometry 

is taken into account with the relation of the mixer and vessel diameters.  
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When the growth rate is solved from equation (130) so that the mixing rate is given 

with energy dissipation and high mixing rates are assumed (value 2 is ignored), we 

obtain equation (137), which takes into account the stirrer and vessel diameters, ds and 

dv, together with the mixing rate. 
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Mass flux from the solution to the surface of the crystal when the crystal is growing, 

is given with equation (139) (Mullin 2001, 245) based on the difference between the 

thermodynamic equilibrium and the actual solution concentration. The equation has a 

similar form as equations (131), (133) and (137). 

  gm
G cLKj Δ=        ( 139) 

 

In the case where the surface concentration is not an equilibrium concentration, mass 

transfer based on equation (129) for mass flux is used. The linear growth rate is got by 

dividing the mass flux with the solid density. When the surface reaction rate is equal 

to mass transfer, equation (140) is valid. 

ρρ
MG jjG ==

       
( 140) 

 

It is possible recognize theoretically the limiting mechanism of the growth rate when 

the surface concentration is solved from equations (129) and (140) by assuming jG=jM. 

gm
s cL

k
Kcc Δ−= ∞

      
( 141) 

 

If the surface concentration in equation (141) is higher than the thermodynamic 

equilibrium concentration, ceq, the surface reaction is the limiting mechanism of 

growth, and if c≤ ceq, the growth rate is limited by mass transfer. However, it is good 

to keep in mind the accuracy of parameter fittings and slip velocity. The results of 

figure 23 are computed with the assumption of mass transfer-limited size-dependent 

growth rate. 
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5.4 COMPUTED EXAMPLE RESULTS OF MSMPR STUDY 
 

To get theoretical limits, the size distribution is computed for the mass transfer-

limited growth rate of small crystals (<500μm) and homogenous nucleation. The 

theory presented in chapters 5.2 and 5.3 is computed with the data values of L-

glutamic acid and its monosodium salt.  The results are shown in figures 19-21 and 

23, and in table 10. 

 

 Partial molecular volume, Vm, of L-glutamic acid monosodium salt, 1.62·10-28 m3 

(Singh), is used in computation of r* with equation (121). The crystal density of α- L-

glutamic acid is 1538 kg/m3 (CRC), and the Avogadro number, NA, is 6.022·1026 

1/kmol. The Boltzman constant, k, is 1.381·-23J/K. The molar mass of glutamic acid is 

147.13 kg/kmol. The solid concentration in unit molecules per cubic meters is the 

density divided by the molar mass and NA. The viscosity value 2.129mPas of 1.5M 

glutamic acid monosodium salt solution is computed from measured mixing power 

values. The crystal axes of a unit cell are 7.068, 10.277 and 8.775Å (Hirokawa 1955 

and Hirayama 1980). The volume of a unit cell is 637.5Å3 (Hirayama). The value 

used for geometrical shape factor, β, is the value 22.2012 of a regular dodecahedron 

(12 faces) (Nielsen1963, 6). 

 

The equilibrium concentration of the α- form of L-glutamic acid is 0,074 kg/m3 

(Schöll), but in the computation, the overall solubility of the glutamate ion and 

glutamic acid at nucleation pH, ceq= 0.7 kmol/m3 is used. It takes into account the pH-

dependence of solubility, see figure 2 in Paper II . In the computation of interfacial, 

tension total concentration of the glutamate ion and dissolved glutamic acid is used.  

 

Diffusivity, DAB=4.618·10-10m2/s, is estimated with the basic equation for volume 

diffusivity, i.e. with the Stokes-Einstein equation (Mersmann 1995, 606). The 

molecular diameter is computed with equation (118). 
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The interfacial tension of glutamic acid is computed with equation (143) proposed by 

Mersmann 1990 (Mullin 2001,  213). 
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SL c

c
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NkT ln414.0

3/2ργ      ( 143) 

 

γSLis  0.011Jm2 for 1.54 M glutamic acid solution.  The effect of Gibb’s energy of 

nuclei for the nucleation rate is shown in figure 19 below.   
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Figure 19 Nucleation rate obtained from equation (117). Diffusivity and molecular 

diameter of L-glutamic acid have been used in the computation.  

 

Affinity is computed with equation (77), Φ=3.25·10-21, when c=1.54M and 

ceq=0.7mol/L. The values of activity coefficient of supersaturated and saturated 

solutions are assumed to be equal. The critical radius of nuclei, r*=11.1Å, is 

computed from equation (102) with supersaturation 0.84mol/L.  Figure 20 shows how 

r* decreases when c/ceq increases. 
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Figure 20 Critical size of nuclei, r*, of 1.5M L-glutamic acid crystallization from 

its sodium salt solution, when ceq is 0.7 mol/L. 
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The Gibbs energy change of critical nuclei, ΔG*=7.64·10-20J, is computed from 

equation (111). The nucleation rate, B=1.69·10+27 1/m3s, is computed with equation 

(117). The computed results are shown in figures 20-21 and Table 10. 
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Figure 21  Nucleation rate solved for L-glutamic acid at 25°C. The unit of 

equilibrium concentration, ceq, is mol/L.  

 

Table 10 Example values of thermodynamic computation of critical nuclei size 

and nucleation rate. 

ceq 
 
mol/l 

Δc 
 
mol/l 

c/ceq 
 
- 

r* 
 
Å 

n* 
 
molecules 

V*, Å3  or 
number of 
unit cells 

ΔG* 
 
J/nuclei 

B 
 
1/m3s 

0.7 0.61  1.875 15,1 118 2.87∙104    or 
45 

1.53∙10‐19  8.23∙1018 

0.2 0.18 1.875 24.2 487 1.18∙105 
or 186 

6.30∙10‐19  1.75∙10‐32 

0.7 1.93  3.750 4.79 4 9.12∙102 
or 1 

1.02∙10‐20  7.36∙1034 

0.2 0.55 3.750 9.12 26 6.32∙103 
or  10 

7.0710‐20  1.15∙1028 

 

According to Tung (2009, 81), the capability of the classical nucleation theory is 

limited, and Nielsen’s equation (117) gives too high values for nucleation. The 

nucleation rate value with supersaturation 0.61mol/l with solubility 103 kg/m3 (0.7 

mol/L) is located in the area of homogenous nucleation in figure 22 (Kind 2002). In 

the experimental study of Paper II (figures 18 and 19), the measured value of 

supersaturation was Δc =1mol/L, and the pH-dependent equilibrium concentration 

0.2mol/L for the initiation of nucleation. In figure 22 it can be read with Δc/ceq =5 and 
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with ceq =29.4 kg/m3 that the nucleation moment belongs to the range of homogenous 

nucleation.  

 

Figure 22 Nucleation mechanisms of precipitating systems dependent on their 

solubility and on the applied concentration level c (Kind 2002).  

 

When the population density for mass transfer-limited growth rate is computed with 

equation (96), the volume fraction distributions of figure 23 can be computed. The 

assumption of small particles, below 500 μm, have been used in the derivation of 

equation (96), and mode of curve Δc/ceq=6 reaches 500μm at residence time of about 

30s. 
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Figure 23 Theoretical population densities of L-glutamic acid crystals in an 

MSMPR crystallizer based on mass transfer-limited growth rate of a 

solution with equilibrium concentration 0.2 mol/l. 

 

Volume diffusion-controlled growth of new nuclei in the early phase of growth never 

exists, because diffusion is infinitely fast for crystals of the size near zero (Lindenberg 

2009). However, with high supersaturation, diffusion can limit the growth (Mersman 

2001). 
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6 DESCRIPTION OF THE STUDY 
 

The planning of the present research work is presented in the following. In the plan, 

the objectives were divided into the required work steps, the list of needed tools, and 

the work needed for developing the tools. In this work, the analysis of the research 

topic, presented in figure 27 is as follows: according to needs-oriented analysis of 

crystalline products, there is a need to control polymorphism in production.  The 

research task was limited to the study of the controllability of the feedback-based 

crystallization process (Papers II-IV).  Objective-oriented analysis focused the task to 

the calibration of the ATR-FTIR spectrum and to building up a control system of the 

feed rate based on concentration data (Papers I – III). The work was divided to the 

planning of smaller parts like the design of the crystallizer, modification of the ATR-

probe, experimental plan, solving of the chemical equilibrium, multivariate modeling 

of spectral data, programming of the control structure, developing the analysis 

methods for product crystals (Papers I and II), and experimental work.  

 

As results, measured data of the effect of process control to the polymorph content 

was reached. Interpretation of the feasibility of the method on the basis of the data and 

the results were reported on in Papers I-V. The efficiency analysis can be done later, 

when the effect of the results on the development of production methods and the 

effect to research activity can be seen. To understand the background of spectroscopic 

and optical measurements, the interaction of electromagnetic waves and material were 

studied. 
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Figure 24 General structure of the steps of the research task. 
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7 CONTROL OF SUPERSATURATION 
 

 
Figure 25  Salt crystallization. Original Olaus Magnus History of Northerner 

Nations, 1555. The National Library of Sweden, Kungliga biblioteket 

Stockholm. Photograph Jens Östman 

 

The history of the control of crystallization is longer than 5000 years. Salt was cooked 

in clay pots in South Poland 3500 BC. Crystalline salt products have been used as a 

food additive even longer. The first developments in the control of crystallization 

were connected to the evaporation rate and concentration of the feed solution. Salt 

production has developed from evaporation with sun energy to energy-efficient 

industrial evaporators. These exploit the enthalpy of condensation of evaporated 

steam to the heating of feed or other evaporators with lower temperature of 

crystallization. Simultaneously with technological development, product requirements 

have developed and become more specific. Customers have learnt to use different 

crystal size fractions. (Kurlansky) 

 

Inside the crystallizer, there are kinetic phenomena and dynamic changes of state, or 

the crystallizer is at steady state.  The direction of the phenomena is toward increasing 

entropy and toward a minimum of Gibb’s energy.  Industrial continuous crystallizers 

often operate near the phase equilibrium limits of dissolved impurities, because of 

circulation of concentrated mother liquor.  
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The controlling of crystallization has been studied at LUT from different view points 

at LUT. Sha (1997) has studied the effect of imperfectly mixed suspension 

experimentally and with population balance modeling. Enqvist (2004) has studied 

crystal growth rate in an imperfectly mixed suspension crystallizer using 

computational fluid dynamics (CFD). She has determined the local crystal growth rate 

from calculated flow information in a diffusion-controlled crystal growth regime. 

Yang (2005) has studied the optimal cooling profile of batch crystallization with CFD 

computation. Her model takes into account suspension density dependence of 

secondary nucleation model in population balance. Pöllänen, Qu and Kohonen have 

used ATR-FRIR spectroscopy in their studies. Pöllänen (2006) has studied the 

application of ATR-FTIR spectroscopy and multivariate data analysis methods in 

monitoring the crystallization process. She has applied least squares (PLS) modeling 

for the prediction of the solute concentration and the driving force, supersaturation, in 

the crystallization process.  Qu (2007) has used ATR-FTIR, in-line imaging and 

Raman spectroscopy in monitoring the solid phase transformation in a crystallizer. 

Kohonen (2009) has studied multivariate modeling of spectroscopic data. In the 

present study, a feedback loop to control reactive semi batch crystallization has been 

was built. 

 

In many cases, the term control is used for set point trajectory of conditions in a 

crystallizer. The median crystal size depends on the local and mean supersaturation of 

the precipitating product (Mersman 1994). The supersaturation level affects the 

nucleation mechanism (primary, secondary, homogenous, heterogeneous) and 

controlling mechanism of crystal growth (integration-controlled, diffusion-controlled 

or both) (Mersman 1999). Randolph and Larsson have considered the feedback 

control of crystallization processes (Randolph 1988, 226). As starting point of 

feedback controlled system are algorithms for continuous and discrete time PID-

controllers (Myerson 1993, 204 and Leiviskä 1999, 22).  

 

Today, crystallization processes have some feedback connection in almost every case, 

but in many cases the feedback is based on an indirect process variable like 

temperature, pressure or flow rate. Control strategies of crystallization can be 

classified into two categories: control based on product quality and controlling the 

level of the driving force. The latter one can be divided into following the time 
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dependent-setpoint trajectory of process variable(s) and direct control of 

supersaturation.   

 
Figure 26 General structure of feedback process control  

 

A generalized idea of control is presented in figure 26. Control is based on knowledge 

of the state of the controlled unit operations. This information consists of data about 

the conditions in the crystallizer, like T and pH. Many measurements have been used 

in situ to study the behavior of crystallizers, for example:  density, pH, temperature, 

conductivity, turbidity, refractive index, ion selectivity, particle size, ATR-FTIR 

spectra,  and Raman spectra. H+-ion concentration and conductivity are connected to 

too many reactions or compounds to permit their use to describe concentration alone. 

Ion selective electrodes exist for some inorganic compounds. Turbidity can be used to 

detect nucleation or solid concentration with low suspension densities (Gerson).  

 

Table 11  Major classification of crystallization processes 

Mode of use Liquid Crystal formation 
 

Driving force production 
 

• Batch  
• Semibatch  
• Continuous 

• Melt  
• Solution 

• Layer  
• Suspension 

• Evaporation 
• Cooling  
• Pressure  
• Using antisolvent 
• Adding reagents 
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7.1 CONTROL PRINCIPLES 

7.1.1  Details of reagent feed 
 

The structural parts of a crystallizer or the functional parts of a crystallizer are 

planned to affect mass and heat flows. Mass flow has some functionality. Fluid flow 

is aimed at improving the mixing of reagents, homogenizing the solution and 

suspension, decreasing mass transfer resistance at the surface layer of crystals, and  

affecting nucleation. 

 

The flow directions in the crystallizer are caused by the geometric structure of the 

crystallizer, the kinetic energy brought to the system, and the viscose properties of the 

solution. Further concentration and temperature patterns are caused by flows. The 

kinetic energy of suspension is produced by the impeller, and it is affected by the feed 

flow and outlet flow. In some cases, for example layer crystallization from melt, 

kinetic energy is produced by natural convection. In many cases, the type of industrial 

crystallizer used in the production of organic fine chemicals or pharmaceuticals is the 

jacketed glass reactor (Myerson 2002, 215). Some other geometrical structures of 

crystallizers are a shaped bottom and a draft tube. In addition, the feeding system and 

the product removal affect the crystallization operation.  All these have shape and size 

as designed and sized according to some design rules (Rohani 2005). 

 

In the design of feed flow, some practical questions arise concerning feed location, 

feed temperature, feed concentration, feed flow rate and feed velocity. Is there a risk 

of back diffusion, reaction and/or plugging of feed? The answers to these questions 

depend on the chemicals and capacities of production. Similarly, mixing raises 

practical design questions. What kind of impeller is needed? What is the pumping 

direction; up, down or radial. Is one or multiple impellers needed? What shoud be 

stirring rate? Are a draft tube and baffles needed?  After solving these design 

problems, it is possible to study the use of the crystallizer with different control 

principles.  

 
 
 



81 
 

CFD  studies of reagent feed 
 
 
As an example of details connected to organizing the feed flow in a case where the 

feed reagent is heterogeneous, suspension is analyzed by inert particle simulations 

with DPM modeling tools of commercial Fluent software. Figure 27 shows examples 

of the feed location effect, and figures 28 and 29 show CFD simulation results of 

heterogeneous premixing.  

 
 
Figure 27  CFD simulations. The figures on the left show how feed location affects 

the inert particle tracks just after particles come out from the feed pipe. The 

figure on the right shows the shape of the full geometry of a simulated 10 L 

mixing tank and the surface mesh of the used grid. On the left the feed is 

located twice as high as the mixer, and the grid includes 1 209 190 cells. In 

the middle, the feed is located at the same height as the mixer, and the grid 

includes 1 263 634 cells. The mixing rate is 300rpm. 

 
Fluent 5.5 (version 3D release 5.5.14 segregated solver) and Gambit were used in the 

CFD simulations. One-phase simulations were done with two different feed locations. 

To decrease the used time with a dense mesh, the simulations were done in four 

stages: 1) unsteady with a kε turbulence model and moving mesh method, 2) steady 

with the kε turbulence model and moving reference frame, 3) unsteady with the kε 

turbulence model and moving mesh method, and 4) unsteady with large eddy 

simulation and the moving mesh method. The results were used in the calculation of 
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particle trajectories with the DPM model. The diameter of the mixing tank was 

234mm, the diameter of the Rushton turbine was 77mm, the width of the baffles was 

20mm, the solid density in the DPM injection was 2800 kg/m3, the shape factor was 2 

and the diameter was 30μm. The fluid was water. The rotational speed of the mixer 

was 300rpm. The simulated geometry was tank with Rushton turbine, baffles, two 

feed, product remove and particle size analyzer probe.  

 

According to the simulation results of the premixer, shown in figures 28 and 29,  the 

integral of concentration at splitting and crossing surfaces of outflow will reach a 

constant level in one second after the particles have flown through the inner pipe as a 

result of radial mixing, and after that the concentration changes are caused by axial 

mixing. The outflow time increases with the given geometry and flows at about eight 

times the pulse time, because of axial mixing. 

 

 
 
Figure 28 Fluent simulation of the premixing of two feeds. The flow is in the 

direction of the gravitational force. The solids size is 1-200μm, Rosin-

Rammler distributed with spread parameter 4 and mean 50μm. Ten size 

areas have been used in the simulation. The solid mass flow is 0.001kg/s 

with the density of 2800 kg/m3. Interaction between the solids and the 

fluid has been taken into account, but energy equations have not been 

used. The solid flow impulse in the simulation has been 0.5 s  
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Figure 29  Simulation results of the premixer shown in figure 28. 
 

Experimental observations of acid-base reactions at feed location  

 

Immediately after two reagents become in contact with each other reaction enthalpies 

affect the temperature of the mixture. Enthalpy of mixing or dilution, enthalpy of 

reactions, and enthalpy of phase change are released. Figure 30 shows an 

experimental result of temperatures after the premixer, when Ca(OH)2 slurry has been 

fed as pulse flow from the inner pipe of the premixer shown in figure 28 to the flow of 

phosphoric acid coming from the annulus between two pipes.  
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Figure 30 Temperature increase in a premixer. Reagent B is 10 w-% Ca(OH)2 slurry, 

and reagent A is 10 w-% phosphoric acid, both at 25°C. The total flow 

rates are 16.7, 2.2, 16.8, 16.9 and 16.7ml/s, respectively, in the order of 

the legend. 
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Acid –base reactions are very fast.  Figure 31 shows how reaction and phase change 

take place in less than 1 second when sulfuric acid is added as a drop to a 

supersaturated solution of the pharmaceutical API-compound C20. In the 

crystallization of DCPD, it was found that there is a risk of reactions and solid 

formation inside other reagent parts of the premixer because of back flow or diffusion. 

To prevent this in the case of C20 , the feed is located above the surface (figure 31), or 

the feed is pumped through a conical nozzle whose inner diameter is less than 1mm to 

produce high flow velocity at the tip of the nozzle. 

 

 
 

Figure 31 Acid-base reaction and phase change when a reagent is added as a drop to 

the surface of an initial batch of reactive semi batch crystallization of C20. 

The effect of one drop in 1l of crystallizer. 

 

7.1.2 Control based on product quality 

 

CSD can be controlled by controlling the cooling rate of the cooling crystallization, or 

by controlling the residence time or flow rate in fine destruction of continuous 

crystallization (Myerson 1993, 201). Randolph and Larson (1988) have focused on the 

control of CSD of continuous crystallization. The first attempt (1982) of experimental 

on-line CSD control was done by estimating nuclei density from light scattering 

measurements in a fines-removal stream (Randolph 1988, 227). In his study, 

Randolph used the fines removal rate or the fraction of fines dissolved as manipulated 

variables. In Randolph’s control studies the critical point was to found measurement 

method to estimate the population density of the zero size crystal, n0. This is critical 

for computing population densities of other sizes and moments of population 
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densities. According to Randolph’s studies, the value of fines slurry density gave a 

better estimate of n0 than mean size (Randolph 1988, 229).   

 

Particle size (Heffels1998) and polymorphs (Qu 2007 and 2008) can be analyzed with 

the in-line (in situ), or with the on-line principle. Three other types of fiber optic 

sensors should be noted: transmission optical probe, attenuated total reflection (ATR) 

probe, and a light scattering probe containing forward and backward scattering 

geometry (Heffels 1998). In recent years, in situ Raman probes have been used widely 

in the monitoring of crystal form (Qu), but closed-loop control of polymorph 

formation based on Raman spectroscopy has not been reported.  

 

Redman et al. (1997) have controlled the mean size of a crystal in a pilot plant potash 

crystallizer with a PI-controller. The manipulated variable of the slave controller was 

the fines dissolution flow rate. In their study, a backward-scattering laser light sensor 

(Par-Tec 100) to measure CSD was used, the weight percentage of solids in the 

product and fines flow was measured, and supersaturation estimated.  

 

In some cases, the control based on particle size meets surprising difficulties. The size 

of the solid form does not increase continuously in all cases. For example in the case 

of reactive crystallization of the pharmaceutical compound C20, solids are formed 

before all molecules have received the first hydrogen,  and both R(COO-)2 and 

R(COOH)(COO-) are present in the solution, see the equilibrium computation in 

figure 33. Surface charges can cause flock formation, and primary crystals are 

released near the isoelectric point (visual observation of compound C20 and Lasentec 

trend in figure 32). This was followed by strong agglomeration based on Lasentec 

trends and SEM images of the end product. 

 

Additionally, with some crystallizing compounds, the viscous properties indicate the 

stage of crystallization or formed polymorph. For example in experimental cooling 

crystallization of the API-compound C17, it was observed that spontaneous nucleation 

produces a polymorph, which in practice stops the flows inside the crystallizer.  

Another example is reactive crystallization of aluminum silicate (Paper VI), which 

according to the author’s experience can have large rheological variations as a 

function of pH during crystallization. One possible explanation is that aluminum ion 
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hydrolyzation reactions are pH-dependent. At pH range 4-11 exist the forms Al3+, 

Al8(OH)20
4+,  AlOH2+, Al(OH)3 and Al(OH)4

1-, each of these has its own pH range 

(Sten 1998). Because of different charge numbers, the tendency of flock forming and 

particle solution interaction can change as a function of pH. 

 

0.0E+00

5.0E+03

1.0E+04

1.5E+04

2.0E+04

2.5E+04

3.0E+04

3.5E+04

4.0E+04

4.5E+04

0 1 2 3 4

C
ho

rd
 le

ng
th

 ra
ng

e 
0-

30
, C

ou
nt

s/
s

Time, h

K7

K6

K4

0.0E+00

5.0E+02

1.0E+03

1.5E+03

2.0E+03

2.5E+03

3.0E+03

3.5E+03

0 1 2 3 4C
ho

rd
 le

ng
th

 ra
ng

e6
0-

15
0,

 C
ou

nt
s/

s
Time, h

K7

K6

K4

 

0

20

40

60

80

100

0 50 100

C
um

ul
at

iv
e 

vo
lu

m
e 

fra
ct

io
n,

 -

Size, μm

K 4
K6
K7

 

 
Figure 32  Size analysis. Chord length trend (Lasentec FBRM) of reactive 

crystallization of pharmaceutical compound C20. Feed flows of 10w-% 
sulfuric acid ware 0.17ml/min(K4) 0.28ml/min(K6) and 0.82ml/min(K7). 
The initial c(C20) has been 38800ppm, 41500ppm and 33900ppm, 
respectively. The feed flow has gone through conical nozzle with the  
inner diameter of 0.5mm, the nozzle is located just above the impeller tip 
and the radial distance is ¾  of impeller diameter. In the middle on the 
right side is particle size measurement of the end product with Malvern. 
SEM figures (width 66 μm) are: In the middle on the left K4, bottom left 
K6, bottom right K7. 
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7.1.3 Control of the driving force 

 

In reactive crystallization, equilibrium concentration does not necessarily decrease 

continuously as a function of added reagent, as it generally happens in the case of 

antisolvent crystallization. Crystallization removes reaction compounds from the 

solution, and this changes the equilibrium state. Figure 33 contains an example of the 

phenomenon for the API-compound C20 and for L-glutamic acid. Both are carboxylic 

acids, and the crystal formation decreases the concentration of the electrically neutral 

form of carboxylic acid. Because of this, the reaction goes to the direction where 

hydrogen associates with the anion of carboxylic acid. Both C20 and glutamic acid, 

have a clear pH increase after the initiation of nucleation at the ph range where the 

equilibrium concentration of negative ions is near the minimum.  

 

When Lasentec chord length trend information (first line of figure 32, left and right) is 

combined to information of the pH trend (second line in figure 33, left) and to the 

information of equilibrium concentration (third line in figure 33, left) the conclusion 

for C20 can be made that a dramatic change in suspension is connected to a decrease 

of concentration of charged ions. This can be explained by the fact that the high peak 

of Lasentec trends in figure 32 is timing at same moment with the pH increase. 

Concentration of negative ions is seen with the pH minimum value before the pH 

increase. A difference with the studied cases is that with the used concentrations, the 

initiation of nucleation starts in the presence of an anion with charge number 2- in the 

case of C20, and in the case of L-glutamic acid anion 2- is not present at the moment 

of initiation of nucleation. 
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Figure 33  First line: Solubility of the pharmaceutical compound C20 (left) and L-

glutamic acid (right). The solvent of C20 was a mixture of water (66.0 w-
%), ethanol (31.6 w-%) and NaOH (2.38 w-%). pH was fixed with 10 w-
% sulfuric acid. In the solubility study, the concentration was measured at 
room temperature with HPLC, the column was Merck RT 250-4, UV-
detector with wavelength 302nm. L-glutamic acid data from (Dai 2007 
and Amend1997) , The line has been computed. 

  Second line: pH trends of experimental crystallization of C20 (left) and L-
glutamic acid (right). Both have been crystallized with a constant feed 
rate, C20 K4 0.17ml (10w-% H2SO4)/min, C20 K7 0.82ml (10w-% 
H2SO4)/min. In the case of L-glutamic acid feed rate was 8ml/min. The 
concentration of the fed H2SO4 was the same as the concentration of the 
initial solution of MSG. 

  Third line: Computed equilibrium concentration during semibatch 
crystallization. With L-glutamic acid, it is assumed that the concentration 
of glu2- is almost zero at the studied pH range 
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7.1.3.1 Following the time-dependent path of a set value 
 

The setpoint, i.e. the set value of a manipulated variable can be constant, or it can 

have a time-dependent track, setpoint trajectory.  In batch crystallization, controlled 

cooling profiles are widely used. Mayrhofer and Nyvlt (1988) have derived equation 

(144) for momentary and final mass of crystals in controlled cooling batch 

crystallization with the assumption of constant nucleation, growth rate and 

supersaturation. The equation can be used to compute the setpoint trajectory for 

temperature or concentration when the assumptions above are valid. 
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where K is a parameter, ranging from 1 (no nucleation) to 0 (B>>N0 , no seed). The 

parameter, K, is expressed as follows:  
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The mass balance of the solute in the solution is as follows: 
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Mayrhofer and Nyvlt (1988) derived the optimal cooling profile for a system having a 

linear solubility relationship, namely w=a1+b1T. In the present work, the exponential 

function of solubility as a function of temperature, w=aebT, has been taken into 

account, together with equations (144) and (146) when equation (147) is derived 

(Alatalo 1999). 
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The solubility of the API-compound C17 is clearly exponential as a function of 

temperature, and in figure 34, it can be seen that the water content of the organic 

solvent (n-butanol) affects to the solubility value strongly.  
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Figure 34 Solubility of API-component C17. The solvent is n-butanol. 

 

Figure 35 shows the obtained cooling profiles for various values of parameters K and 

b, calculated using equation (147). The profiles having the most linear solubility have 

the greatest difference between the seeded and unseeded systems.  
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Figure  35  Effect of parameter K, equation (145) (on the left) and non-linearity of 

solubility (at right) to a cooling profile during batch cooling 

crystallization. 
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Yang(2005) has studied the cooling profile of seeded batch crystallization. She 

introduces a novel cooling model, equation (149), to control the supersaturation level 

during batch-wise cooling crystallization. The crystallization kinetics together with 

operating conditions, i.e. seed loading, cooling rate and batch time, are taken into 

account in the model derived from the supersaturation balance with the assumption of 

constant supersaturation. Supersaturation balance has been introduced by Mullin and 

Nývlt (1971).  Especially, the supersaturation and suspension density-dependent 

secondary nucleation is included in the model, which includes seven parameters; one 

from solubility, two from the growth rate, three from nucleation, and one from the 

crystal shape factor. 

 

Yang’s equation (149) can be used to compute the concentration profile for 

concentration controlled crystallization from temperature dependent linear solubility 

with addition of constant supersaturation. 

 

( ) ( )( ) ( ) cbtaTctTctc eq Δ++=Δ+=  (148) 

 

The use of Yang’s equation (149) requires experimental data of material-dependent 

metastability to select the correct value for supersaturation. The values for kinetic 

parameters have to be found experimentally. Solving of the size of nuclei, Lno, is also 

required.   
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Yang’s equation: 
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Where: 

a  parameter in the linear solubility model,   ceq=aT+b 

kG parameter in the equation of growth rate,   G=kG Δcb 

kn parameter in the equation of nucleation,  
j

T
n

n MckB Δ=  

kv volume shape factor,      V=kvL3 

Lno size of nuclei  

Lso size of seeds at the moment of seeding 

Ns number of seeds in volume  

t time 

T temperature 

 

Greek 

Δc supersaturation,      c-ceq 

Δt time step,      τ=n Δt 

ρc density of crystal 

 τ batch time 

 

subscripts 

i number of  time step for growth integration 

k number of time step for the nucleation moment 

0 at the beginning 

 

superscripts 

b parameter in the equation of the growth rate 

j exponent of suspension density in the equation of nucleation  

n exponent of supersaturation in the equation of nucleation  
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Of the different control strategies, following the setpoint trajectory can be the most 

challenging task, if the setpoint trajectory is computed with model-based algorithms. 

Model-based closed loop control has been studied for example in the laboratory of 

professor Braatz (Kee, Hermanto, Nagy, woo). Hermanto et al. (2007) have derived 

equation (150) for the time derivative of concentration in the presence of polymorphic 

transformation from α to β form, and solved that for the case of L-glutamic acid. Ono 

et al. (2004) have published experimentally found values for parameters of kinetic 

equations of polymorphic transformation of L-glutamic acid.  
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where 

kbβ parameter in equation, Bβ = kbβ(c-ceq,β) μ Tβ,3/100,  1/m3/s 

c, solute concentration,     kg/100kgsolution 

Dα alpha dissolution rate, =kd, β(c-ceq,α) /100,  m/s 

G’ 
β Gβ/L, Gβ= kg,βL(c-ceq,β)/100,    m/s 

k v, i volumetric shape factor of  α or β   - 

L crystal size,       m 

L0 size of nuclei/minimum crystal size,    m 

nα population density of alpha form,   1/m3/m 

m mass,       kg 

t time,       s 

V volume,      m3 

μ i,j jth  moment of population density of form I,  mj+1/m3/m = mj/m3 

ρc density of crystals,     kg/m3 
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Hermanto et al. (2007) have optimized the temperature profile so that the costs from 

the increase of batch time and the maximum limit for α fraction are taken into account 

in the object function when the uncertainty values of kinetic parameters are solved. 

The uncertainty values are optimized for the parameters of dissolution, solubility and 

growth rate equation. Kee (2006) has used seeded batch cooling crystallizations with 

the concentration control approach to keep the actual concentration within the 

metastable zone.  ATR-FTIR spectroscopy coupled with a calibration model 

constructed with chemometrics techniques was used to provide in-situ solution 

concentration measurement. Nagy et al. (2008) have used direct approach in c- 

control. They computed set value for concentration from temperature-dependent 

solubility and metastability. Woo et al. (2009) have studied adaptive control with 

ATR-FTIR and FBRM feedback in cooling and antisolvent crystallization of 

paracetamol, see figure 36. 

 

 
Figure 36 Schematic diagram of the adaptive concentration control system using 

FBRM measurements. (Woo et al. 2009) 
 

7.1.3.2 Direct control of supersaturation 
 

Increased supersaturation increases the growth and nucleation rates in the case of 

continuous crystallization of potassium chloride (Qian et al. 1989). The 

supersaturation level can change because of changes in the agitation speed and 

because of changes in the residence time.  Rousseau and Howell (1982) have studied 

the possibility to prevent oscillation of CSD with control based on on-line 

supersaturation measurement by a refractometer (average value registered during 5 

minutes). A notable difficulty in controlling CSD with the supersaturation level is that 
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secondary nucleation does not depend only on supersaturation (Randolph 1988, 227 

and Yang).  

 

Uusi-Penttilä and Berglund have used FTIR spectroscopy together with an axiom 

DIPPER 210 probe and AMTIR IRE to monitor antisolvent crystallization with the in 

situ principle (Uusi-Penttilä 1997). They used linear fitting of relative absorbance as a 

function of the antisolvent (ethanol) fraction in the mixture of a solvent (water) and 

antisolvent. Solute (L-lysine monohydrochloride) concentration was modeled with the 

linear fitting of difference D=I1411- I1432 as a function of mass fraction. I1411 is the 

second derivative spectrum peak intensity at 1411cm-1, and I1432 is the baseline of the 

original spectrum peak at 1432 cm-1. Uusi-Penttilä has mentioned that the main 

problem in using the second derivative spectrum is the requirement of a high signal-

to-noise ratio. In their study it was not possible to control the feed rate of pure 

antisolvent based on ATR, because the measured supersaturation level was only a 

function of antisolvent concentration. 

 

For supersaturation control purposes, concentration measurement at the MID-IR 

range, where solids have a minor effect on the analysis, is practical. For L-glutamic 

acid, a FTIR spectrometer with an ATR probe seems a promising tool to measure 

concentration on-line and in situ for control purposes (Braatz, Nagy, Khan, Dunuvila, 

Yu, Lewinner, Grön, Paper I). Grön et al. (2003) based the control on the idea that 

when supersaturation is constant, dc/dT is equal with dceq/dT. Kee et al. (2006) have 

used a supersaturation as a feedback signal to control seeded cooling crystallization in 

the production of  α-L-glutamic acid,  and Khan et al. (2008) have used relative 

supersaturation, c/ceq.  

 

7.1.3.2.1 Case : Batch cooling crystallization of sulphathiazole 

 

Online insitu measurement for the concentration of sulphathiazole in a water-

isopropanol mixture was implemented. The measurement was based on the full MID-

IR ATR-FTIR absorption spectrum PLS model, which was calibrated as a function of 

temperature and concentration. For calibration, 69 spectra with variable ranges c=[0.5, 

30] and T=[25,85] were measured. The data was organized for calibration 
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Xc[125x391] yc[125]. The coefficients for orthogonal signal correction and the PLS-

model (Wp[2x319], Pp[2x391], P[391x2],Q[1x2], W[391x2]) were solved in the 

MatLab environment by Kati Pöllänen.   The model validation is given in figure 37.  
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Figure 37  Validation of a spectral PLS model of sulphathiazole concentration. On 

the right the moving average of five measured values is the black line, and 
the grey lines represent the correct value.  In the beginning period, a solute 
was added and the temperature was increased to change the concentration.  
In the end period, the temperature was lowered with step changes and 
equilibrium was attained after a certain time. On the left side, selected 
values and actual concentration based on weighed masses and data 
(Pöllänen) of equilibrium concentration are given. The solvent was a 
mixture of water and 1-propanol (1:1). 

 

The model includes the following four steps, Eq.(154)-(158), as method box of 

control structure shown in figure 38; 

 
1. The data is centered with respect to calibration data 

ct XXX −=         ( 154) 
2. Orthogonal signal correction 

( ) ( ) acompaaPaXWXX P
T

P ...1,:,:, =−=     ( 155) 
3. Concentration with the PLS model 

( ) TT QWPWb 1−
=        ( 156) 

Xby =ˆ         ( 157) 
4. Centering with respect to calibration data is removed 

ysyc
cyc ˆ+=         ( 158) 
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Figure 38  Information flow of the experimental setting. The symbols are 

explained below. The separate large boxes from the left to the right are 

the computer, IO-plexer, thermostat unit and crystallizer. 

where 

c concentration 

K coefficients from calibration 

n(L) population density in crystallizer 

P heating power 

Q cooling power 

r1 set value for supersaturation 

r2 analogical signal for temperature set value 

T temperature in crystallizer 

u1 digital set value for temperature 

u2 temperature of coolant 

w1 digital value of temperature in crystallizer 

w2 absorbance spectrum 

y1 resistance in Pt-100 sensor 

y2 intensity change at ATR-IRE – liquid surface 

 
 

The experimental work of the cooling crystallization of sulphathiazole was carried out 

in a four-liter crystallizer. The solvent, geometry and mixing conditions were 

constant. The software used in the experimental work was Bomem Grams and CAAP-

Frame. The temperature control was based on a Lauda thermostat and its external Pt-

100 sensor. The spectrometer was Bomem MB155 with an open beam DPR-210, 

AMTIR ATR-IRE element and DTGS 1mm SPH0400G detector. 
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In the control program, the data quality was improved with post processing. Each 

experiment was level-corrected with the initial concentration of the solution. Random 

variation in the measured concentration value was filtered with moving average and  

with deviation limits. The control principle was that the measured supersaturation 

level was compared to the constant set value. If the level was too high, the cooling 

rate was decreased or the temperature set value was kept constant. If supersaturation 

level was too low, time derivative of the temperature set value for crystallizer was 

decreased. The information flow of the control system is shown in figure 38. 

 

The set value for supersaturation affected the cooling profiles, see figure 41, but the 

reproducibility of experiments was not good. The signal-to-noise relation which 

causes variation to measured values is one explanation for the low level of 

repeatability; see figure 36, Paper III and Uusi-Penttilä (1997).  The results of XRD 

analyses (analyzed by Milja Karjalainen, University of Helsinki) of samples are given 

in table 12. Figure 38 presents the measured XRPD diffraction patterns of the samples 

and simulated sulphathiazole forms SUTHAZ01, SUTHAZ02, SUTHAZ and 

SUTHAZ05.   
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Figure 39 XRPD diffraction patterns (left) and simulated sulphatiazole forms(right) 

SUTHAZ01, SUTHAZ02, SUTHAZ and SUTHAZ05 (Milja Karjalainen, 

University of Helsinki) 
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Table 12 Estimated relative amount of polymorph components. The initial 

temperature in the experiments was 60°C, endtime temperature was 20°C, 

and the seed amount was one w-percent related to product crystal mass at 

the end of the batch. 

 Dc(set) c0 T* Seed Polymorph 

 g/100g °C p-% suthaz01 suthaz02 

koe01_2 0.1 7.48 60.3 1 0.4 0.6 

koe01_3 0.1 7.48 60.3 1 0.3 0.7 

koe05_1 0.5 7.88 61.3 1 0.1 0.9 

koe05_1b 0.5 7.88 61.3 1 0.4 0.6 

koe1_1 1 8.38 62.4 1 0.4 0.6 
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Figure  40 Concentration and temperature profiles, direct Δc controlled, seeded  

batch crystallization of sulphathiazole. The mixing rate was 400 rpm.  The 

set values for Δc were 0.5 (grey) and 1.0 g sulphatiazole/100 g(solvent). 
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7.1.3.2.2 Case: Reactive crystallization of L-glutamic acid 

 

A study of the effects of different process parameters like mixing, reagent 

concentrations and feed location on the polymorph content of product crystals in 

semibatch crystallization of L-Glutamic acid was published in Paper V. A study of 

multivariate modeling of L-glutamic acid concentrations from ATR-FTIR spectrum 

was published in Paper I. A study of closed-loop-controlled batch crystallization of 

L-glutamic acid with direct control of supersaturation as concentration difference, 

Δc=c-ceq, was published in Paper II. A comparison of different methods of initiating 

nucleation in closed-loop-controlled semi batch crystallization of L-glutamic acid was 

published in Paper IV. An essential result of Paper III was that the study introduces a 

combination of pH-measurement and concentration measurement with ATR-FTIR to 

compute the relation of the ionic product and solubility product as the feedback 

variable in the direct control of supersaturation of reactive crystallization.  

 

With the concentration data and pH data of controlled experiments of Papers II, III 

and V, the time-dependent homogeneous nucleation rate of semi batch crystallizations 

was computed with equation (117). All crystallizations were done at 25°C with 1.5 

molar solutions. The results are shown in figure 41. Line four of the figure shows 

clearly how different concentration profiles can be produced with the control structure 

described in Papers II and III. Lines 1-3 of the figure show that based on theoretical 

consideration of the experimental data, direct control of concentration and 

supersaturation affect present nucleation mechanism. 

 

With higher values than 4 of relative supersaturation, c/ceq, the dominant nucleation 

mechanism is homogeneous at temperature 25°C (Lindenberg 2009). Lindenberg’s 

study of cooling crystallization  and Kind’s (2002) study of nucleation of precipitating 

systems, figure 23, is compared to  example (Paper II figures 18 and 19) of observed 

spontaneous initiation of homogeneous nucleation with the measured value, Δc 

=1mol/L, of supersaturation and with pH-dependent equilibrium concentration, 

ceq=0.2mol/L  (29.4 kg/m3).  Also figure 22 and line 1 of column 2 of figure 41 show 

high values for homogeneous nucleation in the conditions of the observed example.  



101 
 

 

1.0E‐50
1.0E‐43
1.0E‐36
1.0E‐29
1.0E‐22
1.0E‐15
1.0E‐08
1.0E‐01
1.0E+06
1.0E+13
1.0E+20
1.0E+27
1.0E+34

0.0 20.0 40.0 60.0

B
, 1
/(
m
3 
s)

time, min

traj 60 min log

1.0E‐50
1.0E‐43
1.0E‐36
1.0E‐29
1.0E‐22
1.0E‐15
1.0E‐08
1.0E‐01
1.0E+06
1.0E+13
1.0E+20
1.0E+27
1.0E+34

0.0 20.0 40.0 60.0

B
, 1
/(
m
3 
s)

time, min

Δc Set Val 
1.0mol/l

1.0E‐50
1.0E‐43
1.0E‐36
1.0E‐29
1.0E‐22
1.0E‐15
1.0E‐08
1.0E‐01
1.0E+06
1.0E+13
1.0E+20
1.0E+27
1.0E+34

0.0 20.0 40.0 60.0

B
, 1
/(
m
3 
s)

time, min

S Set Val 3

1.0E‐50
1.0E‐43
1.0E‐36
1.0E‐29
1.0E‐22
1.0E‐15
1.0E‐08
1.0E‐01
1.0E+06
1.0E+13
1.0E+20
1.0E+27
1.0E+34

0.0 20.0 40.0 60.0

B
, 1
/(
m
3 
s)

time, min

traj 60min 
lin

1.0E‐50
1.0E‐43
1.0E‐36
1.0E‐29
1.0E‐22
1.0E‐15
1.0E‐08
1.0E‐01
1.0E+06
1.0E+13
1.0E+20
1.0E+27
1.0E+34

0.0 20.0 40.0 60.0

B
, 1
/(
m
3 
s)

time, min

Δc Set Val 
0.7mol/l

1.0E‐50
1.0E‐43
1.0E‐36
1.0E‐29
1.0E‐22
1.0E‐15
1.0E‐08
1.0E‐01
1.0E+06
1.0E+13
1.0E+20
1.0E+27
1.0E+34

0.0 20.0 40.0 60.0

B
, 1
/(
m
3 
s)

time, min

S Set Val 1.5

1.0E‐50
1.0E‐43
1.0E‐36
1.0E‐29
1.0E‐22
1.0E‐15
1.0E‐08
1.0E‐01
1.0E+06
1.0E+13
1.0E+20
1.0E+27
1.0E+34

0.0 20.0 40.0 60.0

B
, 1
/(
m
3 
s)

time, min

traj 60min exp

1.0E‐50
1.0E‐43
1.0E‐36
1.0E‐29
1.0E‐22
1.0E‐15
1.0E‐08
1.0E‐01
1.0E+06
1.0E+13
1.0E+20
1.0E+27
1.0E+34

0.0 20.0 40.0 60.0

B
, 1
/(
m
3 
s)

time, min

Δc Set Val 
0.3mol/l

1.0E‐50
1.0E‐43
1.0E‐36
1.0E‐29
1.0E‐22
1.0E‐15
1.0E‐08
1.0E‐01
1.0E+06
1.0E+13
1.0E+20
1.0E+27
1.0E+34

0.0 20.0 40.0 60.0

B
, 1
/(
m
3 
s)

c/ceq, ‐

constant 
flow 8 …

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

0 20 40 60

c(
G

lu
-),

 m
ol

/l

Time, min

log

lin

exp

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8

0 20 40 60

c,
 m

ol
/l

Time, min

Δc set 
0.7 mol/l

Δc set 
0.3mol/l

Δc set 
1.0 mol/l

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

0 20 40 60

c,
 m

ol
/l

Time, min

S setval 
1.5
S setval 
3.0
Constant 
flow

 
Figure 41 Analysis of control strategy effects based on equation (136) of 

homogeneous nucleation.  The setpoint trajectory experiments (column 1) 

and constant flow experiment (line 3 of column 3) were done in a 1l 

crystallizer with 650ml initial solution. Other experiments were done in a 

50L crystallizer with 13.05l initial solution. Line 4: concentration curves 

of controlled crystallization. 
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8 CONCLUSIONS 
 
 
The present work focused on finding a basis for closed-loop process control of batch 

cooling crystallization and semibatch reactive crystallization. The aim of the study 

was to control polymorph formation by controlling the supersaturation level in batch 

cooling crystallization of sulphatiazole and in semi-batch reactive crystallization of L-

glutamic acid.  As a part of the reactive crystallization study, precipitation of 

dicalcium phosphate dihydrate, DCPD, and API-compound C20 and aluminum silicate 

– starch composite particles were investigated as well.  

 

The study introduced methods of determining the concentration and supersaturation 

level of the model compound during semi-batch precipitation based on ATR-FTIR 

spectroscopy. The theoretical background for the physics of attenuated total reflection 

measurement was presented. The results of reaction equilibrium computation of 

glutamic acid dissociation reactions or solubility data, and the spectra from ATR-

FTIR spectroscopy were used as calibration data for PLS models. The PLS models 

were validated with independent test sets. The PLS models of ATR-FTIR spectra 

were found to be satisfactory to predict the solution composition during the 

precipitation process.  

 

The developed closed-loop process control system allowed the glutamate ion 

concentration to be adjusted according to time-dependent pre-defined set point 

trajectories. The control structure was developed with a 1L crystallizer and transferred 

to a 50L crystallizer.  The supersaturation level of the overall concentration of 

glutamic acid, (Glu+Glu-) at the initiation moment of primary nucleation was 

successfully controlled. Further, it was shown that the supersaturation described as 

concentration difference between actual and equilibrium concentrations, c-ceq, at the 

growth stage could be controlled to some extent. It was shown that supersaturation 

described as the relation of the ionic product and solubility product of glutamic acid 

can be controlled for the initiation of nucleation and for the growth stage. Moreover, 
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crystal size distribution based on the MSMPR model was utilized to compute the 

theoretical maximum crystal size with the assumption of mass transfer-limited and 

size-dependent growth rate of L-glutamic acid.  

 

The effects of the operation parameters and geometry of batch-reactive crystallization 

on the polymorphic composition of the final product of L-glutamic acid were studied 

using in-line Raman and ATR-FTIR spectroscopy. The increase in the α-form fraction 

during the precipitation measured by the Raman in-line probe revealed that the 

nucleation of the β-form was favored by higher reagent concentration levels in case of 

constant feed rate. When changes in the level of supersaturation were produced by a 

changing feed rate, the fraction of the β polymorph was inversely proportional to the 

level of the used supersaturation. Therefore, it can be concluded that the polymorph 

formation of L-glutamic acid is a function of the concentration of the solution and 

supersaturation. 

 

The rate of homogeneous nucleation can be affected with the direct closed-loop 

control of concentration and supersaturation.  Crystallization of α-L-glutamic acid 

requires that c-ceq ≥1 or the reaction of the ionic product and solubility product is 

about 4 or more, when the feed rate of sulfuric acid is used as the manipulated 

variable of control. With these values of the driving force, homogeneous nucleation 

exists. The maximum weight fraction of α-form was about 0.7 with feed rate control 

of 1.5M reagents. 

 

In the precipitation of DCPD, the reagents (Ca(OH)2 and phosphoric acid) were fed 

through a premixer.  Experimental temperature increase measurement at the end of the 

premixer showed that the time of solution temperature change caused by acid-base 

reactions was in the order of seconds. In the case of C20, kinetics was also fast. The 

conclusion was based on the observation that local solid formation initiated 

immediately in 0.1 s after a drop of sulfuric acid was added to the supersaturated 

solution of the API-compound C20. These two cases (DCPD and C20) show that the 

feeding manner of the reactant and the mixing conditions have powerful influence on 

the local supersaturation level in reactive crystallization.  The conditions connected to 

the feed of the reagent were also studied with CFD modeling. CFD simulations were 
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done for inert particle injection to the mixing tank and for inert particle impulse in the 

premixer.  In the case of cooling crystallization, supersaturation is generated through 

the jacketed wall of the crystallizer, and local differences in the level of 

supersaturation are smaller than in reactive crystallization. 

 

Controlling crystallization to assure the quality of crystals requires a combination of 

controlled fluid dynamics of the feed, controlled level of the driving force, and 

controlled initiation of nucleation. In the present work, three control structures for 

direct control of supersaturation were built, one for cooling crystallization and two for 

reactive crystallization. In the case of batch cooling crystallization, some problems 

with the repeatability of the direct control of supersaturation appeared. In the cases of 

reactive crystallization, the resulting control systems could be used to produce the 

product of the desired polymorph of an organic product. The polymorph composition 

of product L-glutamic acid crystals was controlled repeatably with the decision of a 

set value of the supersaturation level. 
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