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ABSTRACT
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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
a; activity of component
A surface area
At cumulative surface area of particles per unit volume
b parameter
B nucleation rate
B magnetic flux density (in chapter 3.1.1)
c velocity of light in vacuum
c concentration
cc concentration of solute in solid crystal
Ceq equilibrium concentration
cL concentration of solute in solution
Cs mass concentration at crystal surface
Coo mass concentration far away from crystal surface
d diameter
de effective distance
dn molecular diameter
ds diameter of stirrer
dy diameter of vessel
D electric flux density
DAB di fquiVity
D, penetration depth
E electric field intensity
E, activation energy
f(x) fraction
F force
f frequency of electromagnetic wave
f(L)  function of L
g gravity constant
G Gibbs Free energy (in chapters 5-5.1.3 and 5.3.1)
G linear growth rate of crystals
G° linear growth rate of nuclei
h Planck constant
H magnetic field intensity
I intensity of electromagnetic radiation
I, electric current
JjG mass flux based on thermodynamic driving force
M mass flux based on concentration difference
k mass transfer coefficient
ka surface shape factor of the particles, =A/L*
ks Boltzman constant
ke Coulomb constant, Yame,

extinction coefficient

2
m

m*m’=1/m

1/(m’ s)

T (Tesla)
m/s

mol/L
mOI/L(crystal)
mol/L

mol/ L(solution)

A/m

kg/ (m’s)
kg/(m’s)
m/s

JIK
Nm?/C?



)

TELCCEFEHDOY RS

2

volume shape factor of particles, =V/L?
crystal size

cumulative length per unit volume

mass

mass of crystals

mass of crystal at the end

suspension density

moles

population density (number density)
population density of nuclei (number density)
refractive index

relation ny/n; of sample and IRE RI
number of molecules in critical size nuclei
number of crystals

Avogadro constant

number of reflections

complex refractive index

cumulative number of particles in a unit volume
pressure

partial pressure of i in vapor phase
vapor pressure of pure liquid i

electric charge of particle

unit vector away from q toward q°
reflectance

gas constant =8.314

Reynolds number

distance

relative supersaturation

Sherwood number

temperature

flow velocity

phase velocity of radiation

terminal velocity of free falling

volume

velocity

molecular volume

work

weight fraction

mole fraction of i in liquid mixture

kg

kg/m’

mol
(1/m’)/m=1/m*
(1/m*)/m=1/m*

1/m?
1/mol

1/m’

m’/molecule
J



GREEK LETTERS

Y.m

YsL

Win

absorption coefficient

geometric shape factor 4A%/27V?

activity coefficient

mean activity coefficient of electrolyte solution
interfacial tension of solid-liquid interface, surface
density

solid liquid density difference

change of Gibbs free energy

permittivity

relative permittivity &/ g,

dielectric constant

vacuum permittivity, =8.8542e-12

relative permittivity of incoming phase
relative permittivity of outgoing phase

real part of dielectric function

imaginary part of dielectric function
viscosity

angle

wavelength

chemical potential

geometric mean

k™ moment of distribution

mean of the natural logarithm of the variable
arithmetic average for whole population
permeability

vacuum permeability, =4mt107

number of ions from dissolved molecule
wavenumber, vV =1/1=c/ f

density

density of solids, crystals

true standard deviation

standard deviation of the natural logarithm of variable
geometric standard deviation

residence time

affinity

electric potential

electric flux

magnetic flux

angular velocity

H/m
H/m

1/cm

kg/m’

kg/m

O<Hm

Wb(Weber)
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



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, C;7 and Cy 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 2" 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 Cy, 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, dr, and projected diameter d,,s. 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).

Suspensions

Lighl extinction counter
Laser light diffraction
1T _
Laser Ii£m scatterinﬁ counter
LIl LI TT]
CHDF / FFF + optical detection
-
Photon correlation sEeclmsccEy
Laser Scanner
S
Fibre ngh‘cal scattering SENsors
lmage Eracessinc.)

T T T T T T T
10 nm 100 Tym 10 100 1 mm 10
Particle size

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.

L max
Expectation value, Mean w, =2 Lf(L) or 5 = j Lf (L)L (1

Lmin

Lmax

Standard deviation o= >(L,-u,) /(L) Oro= .[(L Va2

i Lmin

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

and standard deviation

N
_ Y/ . D'N,InL,
Geometric mean u, :(H L‘) and its logarithm 1y H, = s 3)
i=l

2N,

where subindex i is connected to an individual crystal and j is connected to the size
range. This means that L; is the size of an individual crystal and N;j is the number of

crystals of size L.

Geometric standard deviation

Zi (lnL,—]n,ug)2 N vl

e N AInL,. -1

o,=e v or Ino, = 2 J(n J n,ug) “)
ZN./'

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 xp=a/(atl), 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 (Séhnel 1992, 170). If the growth rate is

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

normal (S6hnel 1992).

Table 1 Collection of distribution density equations, see also collection table of
Randolph and Larson. (Randolph 1988, 19-49, Stéhnel 1992, 169-173,
Myerson 1993, 48, Laininen 1995, 75-76, Mullin 2001)

Normal (L) 1 _(L;#? ) )
= e
logzyi
log-normal, L-N ot X “ieg? ; (6)
=l — e
o8 2z logo,
Constrained log-normal 1 V2o (7)
L)=———
M= g
1 a-1_(~L/b)
L =
f( ) bar(a)
Gamma (®)
where  T(a)= J Le™tdL
0
Rosin —-Rammler R-R
(L) = bL(a—l) —bL* 9
(modified gamma) ft)=a ¢ )
Beta £ =) oy (10)
(a)r(v)
ab b
Modified Beta f(x)= M , x= % (11)
Ixab(l_x)bdx max  min

0
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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 1 and o,.
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The number distribution results of image analysis (PIA) have been converted to

population density distribution,

information.

see equation (81), with

suspension density

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, k.
AMS T, kv, My Fitted Parameters
Solution | min - kg/m® al/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
< 2.0E+08 < 2.0E+08
£ + Impure 20 min £ + + Pure20min
= 1.5£+08 . = 1.5£+08 Ly Pure 20min LN
= Impure 20 min LN 27 ——Pure 20min R-R
£ 106408 —Impure 20 min R-R £ 1.0E+08
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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 k™ moment of a sample,

Mk, including N crystals is described with equation (12) (Kreyszig 1999, 1107).
WA 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.

w=YLAL) o - [ (13)

Lmin

The mathematical k™ moment is a special case of expectation (the mean), pm

(Kreyszig1999, 1077).

2.1.1.2 Moments of population density

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

average size of the size fraction is L;, then

=3I, (L,) or p, = TL"nd(L)dL 14)

-

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, Nr,

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, Ar. The third moment of the population density, Eq. (22), is the

cumulative volume of the particles per unit volume, Vr.

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

TndﬁdL = ndOTﬁe(_GijdL (15)
0

o

The form of the above integral is as follows (CRC60th p.A-83):

[xme =@ 3" (C1Y _mx"T
=0 (m—r)!a'”rl

(16)

The solution of the above integral from 0 to oo, with values m=3, a= —1/Gr and x=L is

presented below:

Je(GLTjﬁdL ) [ (Go)-32(6- P +61(Ge) ~6(Ge)!] A7

ndoTe(é’jﬁdL = ndO(O —e° [0 ~0+0- 6(Gr)4])= 6n,(Gr)* (18)

0

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

example Mullin (2001, 410).
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Moment Solution

0 N, :IndszndOGr

©

1 Ly =[nLdL=n,(Gr)

o

2 Ay =k, [n,dL=2k,n,(Gr)

3 Vp=k [n,LdL = 6k,n,(Gr)*

©

o

Unit

[N ] — 1 mczystal — 1
T 3 3
m.vuspen.vionmrrystal msmpen.vion
2
[L ]: 1 mcrystal =1 mcrystal
T 3 3
msuspensiun crystal suspension
3 2
[A ]: 1 mcrystal =1 mcrystal
T 3 3
msuspensiun mcrystal m suspension
4 3
[V ] — 1 merystal =1 mzrrystal
T 3 3
suspension” " “crystal msuspension

19)

(20)

@1

(22)

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, p., the cumulative mass of

the particles per unit volume can be obtained. Suspension density, Mr, 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.

m,

M, =

B 4 msrvv[ﬂ
=6k p. =(GT)" ag, =1 e

kgcrys/al [mcryszal s

m
3 crystal suspension
suspension

S

m
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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.

- T

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 B-L-glutamic acid crystals precipitated from a 1.5M
solution of MSG with 1.5M Sulphuric acid “?*"*!. (B) SEM image of L-
glutamic acid B-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 B-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 Variables
Equation
w o s, A, actual area of projected particle image, m”
s c perimeter of the circle with the same area as
the particle when the particle rests on its
D= S largest face, m
¢, (O actual perimeter of particle image, m
p d particle diameter, m
— drm mean Feret diameter, m
o, = N{Q dr(maxy maximum of Feret diameter, m
di(miny minimum of Feret diameter, m
o, = 4, d, perimeter diameter, m
C ; N’ number of corners in a particle, -
r curvature of particle corner, m
D, = 4 (min) R radius of the maximum inscribed circle of a
dF(max) particle, m
P Sp surface area of a sphere of the same volume as
;= p = the particle, m”
F(max) S actual particle surface, m*
®, - dg, Y d.egree 9f true sphericity
d, 0] circularity
®,  roundness
D, = A @, shape factors defined by the equations on the
r left
D, = _d
Ak (max)
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Image analyzing methods are applied widely in analyzing samples off-line (P6lldnen
20006). 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 (a,B,y) 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 a-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 o-L-glutamic acid (Dressler 2008), (B) SEM
images of a-L-glutamic acid crystals precipitated from a 1.5M solution of
MSG with 1.5M sulphuric acid (Present study), (C) pure a-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 a-
polymorph has prismatic and granular appearance, and the B-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 a-L-glutamic acid. See also figure 11 of Paper IIT

and figure 3 of Paper I1.

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 B-L-glutamic acid is more difficult than that
a-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 Melting and sublimation temperatures, Internal energy
properties (i.e. Structural energy), Enthalpy, Heat capacity,

Entropy, Free energy and chemical potential,
Thermodynamic activity, Vapor pressure, Solubility

Spectroscopic Electronic transitions (UV-vis absorption spectra)
properties 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 Hardness

properties 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
TiO, 240

36



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 19® 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, A, 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 /  4” . Cycle time, t, is the time between two tops of wave
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motion. Angular velocity is connected to frequency, w=2n/t-=2nf. Light velocity as

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

c=fA (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=A®,/s. When Coulomb’s law, F= qq’/ (4neos?) 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).

. q .

E= r=k,—r
dre,s’ ‘s (25)
D =¢E (26)
B=un,H (27)

Permittivity, €, 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, €y, permeability, po, and light speed at vacuum, c, are
connected to equation (29). A similar equation (30) is valid for the phase velocity, u,,

of radiation in material.
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VEoHpo (28)

U, = (29)

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, 0;, and angle

of refraction, 0., to the relation of light speed in different materials.

sin 92 upz
- = —— = constant 30
sinf, u (30)

pl
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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.

P

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.

sind, n g,
Physicists often use the complex form, Ny, 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, kg, 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.

Ny =n, +ik, (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, a, is related to the extinction

coefficient in equation (37).

g(a)) =g (a))+ ig, (a)) (34)
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ENTTT (35)

B (36)
S (37)

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, —dng/dT, of liquids with ng=[1.45, 2.5] is in the range 0.00035... -
0.0007 °C™". The thermo-optical coefficient of solids is often about -0.00001°C”
(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
ng 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, k; and weight fractions, w;, see equation (39). Larsen and Berman

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

n—1=Kp (38)

w, (39)
K=2kg
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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 1 ja #1823 11 (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).

[ =) (40)
where o the scattering parameter
Oy 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.

I=1,107"% (41)

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

absorbance is the common logarithm of transmittance (43).
T=—
i (42)

A=-log,T (43)

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

solved
A=kes (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, 8, 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, E,, 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, 6>, which is equal to the angle of incoming radiation, 0;. Sinf, 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, 6, =0.

R= I and R =—2- (45)
5,1 p.l

2 2
R:{— E“] :(nRz—anJ (46)
E,, Mgy + Mgy

For cases where the refractive index of incoming material is almost one, ng;~1,

equation (30) can be used.

2
-1
R:["“ ] (47)
Mg, +1

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, N,, in the following manner:
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T=(-R)" (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 em™.

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.

45



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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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)

Scholl has used the Beer-Lambert law with group-specific wave lengths as shown in
table 6, and simple two-point calibrations for each component (Schéll 2006). This is

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

Table 6 Group- specified wave numbers for L-glutamic acid (Schéll 2006).
Wave number | Group
l/em
1730 C=0, stretching mode of carboxylate, present when pH<4.2
1560 Asymmetric carboxylate ion stretching vibrations, high pH values
1560 NH, deformation
1451 CH; 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 (10° nm), and far infrared (10° 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/u, Snell’s law can be modified to get equation sinf.=ngr»/ng; for
the critical angle, 6.. When the angle of incidence is higher than 6., 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 D, which according to Harrick is described with

equation (49) (Harrick 1966).

D = 4 (49)

P ) 2
27 +[SIN” @ — gy,
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Figure 11 Attenuated total reflection at the surface layer of IRE according to the
wave theory. (Mirabella 1993)
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With effective thickness, it is possible to write an analogy for attenuated total
reflection and the exponential law of absorption, I=Iyexp(acs). 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).

L i as (50)
[0
R=1-ad, (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).

R =(1-ad,)™ (52)

RY ~1-N,ad, (33)
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.

d, _ Mg, €OSO (54)
i 1 2 a2 2
1 7w\l =1y W\SInT O —ng,,
s 2 2
d, _ oy cos6’(2sm ‘9_”R21) (55)
21 1 2 2 22 2 : 2 2
7\l =ty \L+ gy, JSIN° @ — 1j,, WISIN G — 15,
v 10 21.333dp/A
~ - =n2l
T 21383dp)\
) -
s 08 | n21.383 dp/
c  ~—m——
S 07| n21.433dp/A
o ——n21.45de/A ||
T 0.6 n
S 05 L ——n21.35de/A ||
2 o
£ 04 ——n21.25de/A ||
§_ 0.3 ——n21.45de/AL
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~ 00
1000 2000 3000 4000
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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 ng 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 (wwwrefl), see figure 13, and distilled water
(Daimon 2007) is taken into account in computing the penetration depths with

equation (49), figure 14.

. 3.00
2250 | = —AMTIR-3
e}
£ 200 - — AMTIR-1
2150 |
8100 | 7 Tonse
% 0.50 — \Water
[-'4
0.00
0 2000 4000 6000

wave number, cm-1

Figure 13 Wave number dependence of the refractive index of IRE-materials.
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Figure 14  Penetration depth in contact with distilled water and AMTIR-1 or ZnSe
IRE with a 45° incidence angle.
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Figure 15 Relative change, [Dy(c) - Dy(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 D, 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, Mirabellal993). 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 ecm™. 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™.

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

Material (1000 cm™) Spectral range (cm™})

Common element materials
Zinc selenide (ZnSe) 2.4 20 000~650
AMTIR (As/Se/Ge glass) 2.5 11 000750
Germanium (Ge) 4.0 5 500—-870
KRS-5 (TIL,/TIBr,) 2.37 20 000—350

Less common element materials
Zinc sulfide (ZnS)* 2.2 17 000950
Cadmium telluride (CdTe) 2.65 10 000—450
Sapphire (A1,0,) 1.74 50 000—=2000
Cubic zirconia (ZrO,) 2.15 25 000—1800
Diamond (C) 2.4 45 000—2500; 1650—<200
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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.

AG=U+pV-TS=AH-TS = A+ pV (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 A = U-TS 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)

i - [“] (57)
on; T.p.n;

J

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.

dG=-8dT +Vdp  T=constant (58)
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[aG = [vap (59)

P p
Table 8  Study of chemical potential of phases. (Castellan1983, pp. 213, 222, 249,
280-281, 295-299, 307-311)

Gas Liquid Solid
V =~ const V =~ const
nRT 2 14
V= G=G'(T)+V [dp G=G'(T)+V [dp
p » d [70 [70
G=G'(T)+nRT [ G=G"(1)+v(p-p) G=G"(T)+V(p-p°)
o P

Solvent in solution:
_ _ 0 0
U= /JO(T)'FRTIH% /uliq - /u,(g)as Hotia = Hsolia (T)+ Vm (p P )
o :,Uga:(T)+ RTInp

P:ZE
Raoullt’s law for solvent:
pi=xp
Hiy = My (T)+ RT In py,
+RTInx
=uy (T)+RTInx

Solute in solution:
Gibbs-Duheim:

Zn[d,ui =0 T,pconst

p’=1 atm p=p’=1 atm

n
_ "Psolvent
dlu solute dﬂ solvent

solute

xsa/vent

= dlu solvent
X

solute

— RT d‘xsolvent

x.m/ute

— RT d‘xsolute

X

solute
Integration and solving of
integration constant gives

0
p=u"(T)+RTInp Hitae = Moo (T)+ RT 101 Ha sotia = /ug.Solid (T )
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The chemical potential of one compound is
u, = +RTIna, (60)
and the chemical potential of the electrolyte solutions is

/’li,m = /uz(?m + VRTln(mei,m) ( 61)

0=(rv ) (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.

u=u +RTIna, =y’ +RTna, =) +RTIna, (63)

5.1.1 Solid - liquid equilibrium

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

#4,(T, p,x,)and in the solid form u, (T, p)is equal.

142(T ps%,) = #5104 (T p) (64)

e = 13 (T)+ RTI0x 0 = 155,00 (T)

43 (T) = 135,14 (T) = —RT Inx, (65)

Inx, = A% (66)
RT

With Gibbs Helmholtz equation

M — ﬂ (67)
oT T?

P

it is possible to solve the ideal law of solubility from equation (66) (Castellan 1983,
286)
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AH
Inx, =— 1;“’2 (;_ Tl J (68)

Sfus,2

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

dG = —SdT +Vdp (69)
can be modified for a mixture by changing the component fractions

dG = —SdT +Vdp+ ) udn, (70)

With constant pressure and temperature it is simplified to

dG =+ wdn, (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.

D pdn, =0 (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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A,,B, (s)> 4,,B, (aq)

v+ v— v+ v—

A,.B, (aq) <> v 4" (aq)+v B (aq)

v+ v—

A, B, (s) v d (aq)+v B (aq) (73)

v+ T v—

At equilibrium, it can be written
vl +v o’ —ul, +RT(V+ Ina, +v_Ina —lnaAB): 0 (74)

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

aag, 1s unity.

vy sy vy
B RT

Ky =e =——=ala" (75)

The temperature dependence of the solubility product of equation (75) can be

reformulated as

_AG'(T)

K,=e * < AG'(T)=-RTInK,, (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

8”1' eq 7 eq Ceq

@:A(GGJ =i, =k, T2 =k, T2 (77)
a
p.T,j#i

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

which is the Debye-Hiickel relationship (Paper I). From the definition of affinity it
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follows that the relation of actual activity and equilibrium activity, a/a.q, or the
relation of actual concentration and equilibrium concentration, c/cq, 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, Ac, as the driving force. For the affinity

of electrolyte solutions equation (78) is valid.

®=ZA{6GJ =S -, = kT (78)
i=+/- 8nl. p.T,j#i +/- +/= KSP
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:

v+ V-

a a
KSP

S = (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/m’. Approximation of AN 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/m*, see Eqgs. (80) and (81) and figures 17 and 18.
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L
N = % I d(number of particles) (80)

0

ndzlimﬂzd—N (81)
A0 AL dL

Population density, ng, 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 AL in a vessel with volume V and with constant feed and

product removal flow rate Q:

An, VAL = n, VG At —n,,VG,At + O, ALAt (82)

dN

slope — =1
P AL

L.m

Figure 17 Description of population density, ng

Nd
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An,

AL L
VG At = = mVGAL
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QA AL At

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

population density can be expressed as follows

T (D) T g (83)

+=L=0 (84)

In the case of size independent growth rate

dn, __ny (85)
dL G
For this basic equation of an MSMPR crystallizer with the boundary values n; = ng

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

n, = ndoe(’aj (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 z. 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.

_av
dt

_N
o dL

dL

B e
Lo dt

=n,,G, =n,,G (87)

L=0

The population density of zero sized particles is
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P (88)

The size-dependent growth rate can be expressed by equation (89) (Abegg 1968).
G(L)=G,(1+aL), b<land L>0 (89)

where Gy growth rate of nuclei

Garside and Janci¢ (Garside) have solved a solution of steady state population density
in an MSMPR crystallizer with size dependent growth rate:
1 (1+aL)H’]

-5 (1-b)

n, =n,(1+al)” e[ (90)
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

0
4 Gy, A9 1 (o)
oL oL T

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 500pum and Sh-number
over 100. This is inserted to equation (91), and equation (96) for ng is solved with a

few written steps.
0
K(c, —c, )% L7 +0.07K(c, —c, n, L% + 24 =0 (92)
T

M g0t -—— 1 _ar (93)
n, Kr(cs—cm)L'
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nle - gormt_ L gy (94)

» L, 0.93Kz(c, —c,)
—oorml _(L=)”
e _ e oont L 0.93K7(c,—c,) (95)
n

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)
+\0.07 0%
2 -
n, = ndo(rJ e 0.93K7(c,—c,,) ( 96)
L
where 1 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.
ang  Golng) m (97)
ot oL  7,+t

The time term 7, is computed from the relation of the initial volume of the solution,
Vo, and the flow rate, Q, with 1=V/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).

oy n,G) v g (98)
ot oL T, +1
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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, Ag, 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.

szf.e(_lf;J (99)
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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)

126
== 100
j/SL ( ﬁA )T,p,n ( )

AG = A[éGj + nisc[aGJ
0’>A T.p.nj ani T,p,nj (101)

=yad+Aun, =y A+®n,,

Equation (105) of AG" 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.

s 2y}
P m 102

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

nuclei

m m ( 1 03)
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Equation (101) is written for the critical size of nuclei, equation (103) and equation

(103) is inserted to equation (104).
AG =y A +®n (104)

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

AG =12 SL3A (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)
V:ﬂ or r=3—VorA:3—V (106)
3 A r
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 k, and ky.

— 4‘43 — 4’(kAL2)3 _ 4k134

N 2 - 2

27V ( 3P 27k
27k L 7 (107)

From the equation of the critical size of the crystal is solved

24775V,

; =1 108
Vo (108)

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
. J[247y,V 3Byl
A =40V =4 SLim | SL  m 109
U [ 3V o? J ®? (109)
. “1\3 * 2A*7/SLVm ’ 3ﬂ7/§LVrz
Vi=v(1)y=v el R (110)
* 3 2
AG*:L%A :L@Vm (111)
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The number of molecules in nuclei of critical size can now be written with equation

5

_ 2By ;LV::

o (112)

7
Vm

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).

£N\05 [_AG’]
_ DAB AANG e kT ( 113)
dfnn* 37k, T

When n* is written with AG*:

V2BV,

n 114
v, o’ (19
* 3 2
aG' =2 Pl (115)
3 o
o _,AGT_AGT 2 (116)

o kT (.
In| —
Cop

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.

Dy |1 @ ln{c} e[%‘[*]] (117)
dm=3%ym (118)
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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.

G(L)=al’ Bransom (1960) (119)
G(L) =G, (1 + 7L) Canning and Randolph (1967) (120)

G(L)=G,(1+)L), b<land L>0 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 Frossling equation

(Bird 1960).
Sh=2+¢Re% Sc” (122)

Re,, 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 Frossling equation

Mullin Bird
/4™ p.266/ | /p.409/
0.5 0.5

b 0.33 0.33

® 072 0.6

Dissolving data is often fitted to this equation. The limit value 2 for the Frossling
equation is valid with small crystals, when the Re number approaches zero. In this

case the dissolving time is
t=psolidl."/8Dan(-Ac) (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 Re, can be

calculated from

L
Re, = pMT (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, u.
The empirical correlation (Mullin 2001, 268) of terminal velocity for particles below
500pum is

U, = 0.153g0'71L1'14Ap0'71ps_0'2977_0’43 (125)

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

(Mullin 2001, 269 and 451-453).
4gLA
u = |25=2F (126)
PN

The above equations do not take into account the intensity of the mixing or the
geometry of the mixer. For size range 500-1500 pum, 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

1)
dt ), _dG (127)

The linear growth rate can be connected to mass flux with equation

dm j
G = = IM
dipd,  p (128)

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.

Jy =kle, —c,) (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 Frossling
equation is inserted to the result of previous steps. After the regrouping of variables

equation (130) is got.

G=D, ¢ (073 — Cw)(pjl( Ui jb(yuaj (130)
psolid 77 pDAB L

With the empirical parameters of the Frossling equation (a=0.5, b=1/3 ja ®=0.72) and
with equation (126) of terminal velocity for particle size over 1500 um, equation
(131) for the mass transfer-limited growth rate of crystals is derived from equation

(130)
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1
G _K, cs—cog (sza (131)
m/s kg/m” \'m

1 2 1 5 1 1
4 3 4 4 6 12
m/s m-/s) \kg/m kg/m kg/m Pas

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

equation (130), and the empirical parameters of the Frossling equation are taken into
account. The variables are regrouped. Thus when the particle size is below 500 um
and the Sherwood number is greater than 100, the linear growth rate of a crystal is

given with equation (133).

0.07
O k&% (Lj (133)
m/s kg/m’ \'m

0.0217 0.355
0.355 ( 0332)( P j ( Ap J
g 0. k 3 k 3
K2=0.110( g ) (’7) g/m g/m (DAB
Pas

2/3
ms’ Pt m*/ sj (134)
kg /m’

Constants K; and K, 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,
pm the recommendation is to use the smaller one of the above values according to
terminal velocity equations. The derivation of equation (133) gives

dG B}
- 0.07K,(c, —c, )L (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.

0.62 0.17

1/3,4/3

Sh=2+047 26 L "~ ScO'36(ds] (136)
n d,
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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

dy, together with the mixing rate.

G K, e,—c, LY
mls _(m“ /(kgs)J(kg/mSJ(mJ (137)

D 1/3 0.62 d 0.17
K, =047248 | PE__ | geo36) Dy (138)
’ p n d

solid

v

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).
Jo =K L"Ac® (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.

G=Le-Ju (140)
PP

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 jc=jm.

s

c,=c, —%L’"Acg (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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54 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 (<500um) 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, Vi, of L-glutamic acid monosodium salt, 1.62:10% m®
(Singh), is used in computation of r* with equation (121). The crystal density of a- L-
glutamic acid is 1538 kg/m® (CRC), and the Avogadro number, Ny, is 6.022-10%
1/kmol. The Boltzman constant, k, is 1.381-2*J/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 8.775A (Hirokawa 1955
and Hirayama 1980). The volume of a unit cell is 637.5A° (Hirayama). The value
used for geometrical shape factor, {3, is the value 22.2012 of a regular dodecahedron

(12 faces) (Nielsen1963, 6).

The equilibrium concentration of the - form of L-glutamic acid is 0,074 kg/m’
(Scholl), but in the computation, the overall solubility of the glutamate ion and
glutamic acid at nucleation pH, c.q= 0.7 kmol/m’ 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).

_ kT _kT(eN,)"”
27n,d

(142)

AB

27,

m
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The interfacial tension of glutamic acid is computed with equation (143) proposed by
Mersmann 1990 (Mullin 2001, 213).

2/3
Ve = 0.414kT(p;MN“j h{q} (143)

‘r

ysis 0.011Jm? 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.

1.00E+36 — —0.14G*/d
1.00E+32 |'
| —1AG*/¢
1.00E+28
= 1.00E+24 T— | —58e*/e
T 1.00e+20 |/ —104G*/d
<
;1 1.00E+16 —20AG*/¢
1.00E+12 "
50 AG
1.00E+08 |- /e
1.00E+04 10086*/¢
1.00E+00 500 AG* /¢
1 10
c/ceq,-

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), ®=3.25-102!, 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*=11.1A, is
computed from equation (102) with supersaturation 0.84mol/L. Figure 20 shows how

r* decreases when c/c.q increases.

1.0E-07 1.0E+04
1.0E+03
1.0E-08 1.0E+02
1.0E+01
.. 10609 1.0E+00 K
2 10E-01 £
% 1.0E02 © *
L 5 a —r
1.0e-10 1.0E-03 2GH /KT
1.0E-04
1.0E-11 1.0E-05
1.0E-06
1.0E-12 1.0E-07
1.0 20 30 40 5.0
c/ceq, -

Figure 20  Critical size of nuclei, r*, of 1.5M L-glutamic acid crystallization from

its sodium salt solution, when c.q is 0.7 mol/L.
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The Gibbs energy change of critical nuclei, AG*=7.6410], is computed from
equation (111). The nucleation rate, B=1.69-10"%7 1/m’s, is computed with equation

(117). The computed results are shown in figures 20-21 and Table 10.

1.0E+40
1.0E+35 |
1.0E+30 |
1.0E+25 |
1.0E+20
1.0E+15
1.0E+10 |
1.0E+05
1.0E+00 |
1.0E-05 |
1.0E-10

——cEq=0.7

B,1/(m3s)

=== cEg=0.2
= = cEg=0.1

1.0 2.0 3.0 4.0 5.0

Figure 21 Nucleation rate solved for L-glutamic acid at 25°C. The unit of

equilibrium concentration, cq, is mol/L.

Table 10  Example values of thermodynamic computation of critical nuclei size

and nucleation rate.

Ceq |Ac |cleeq |T* n* V* A’ or | AG* B
number of

mol/l | mol/l | - A molecules | unit cells J/nuclei | 1/m’s

0.7 061 |1.875 |151 |118 2.87-10* or | 1.53-10™ | 8.23-10"®
45

0.2 |0.18 | 1.875 |24.2 | 487 1.1810° 6.30-10™ | 1.75-10°%
or 186

0.7 1.93 |3.750 |4.79 |4 9.12-10? 1.02-10% | 7.36-10*
orl

0.2 0.55 |3.750 [9.12 |26 6.32-10° 7.0710% | 1.15-10%®
or 10

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/m® (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 Ac =lmol/L, and the pH-dependent equilibrium concentration

0.2mol/L for the initiation of nucleation. In figure 22 it can be read with Ac/c.q =5 and
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with c.q =29.4 kg/m® that the nucleation moment belongs to the range of homogenous

nucleation.

c-c*

supersaturation AC

: . ./ [ Y \ y’/
10° 10 10" 10 kg/m* 1000
solubility c*

Figure 22  Nucleation mechanisms of precipitating systems dependent on their

solubility and on the applied concentration level ¢ (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 pm, have been used in the derivation of
equation (96), and mode of curve Ac/c.q=6 reaches 500um at residence time of about

30s.

, 010 ., 010
£ 008 - —Ac/ceq S 0.08 —Ac/ceq
S 0.06 N =19 S 0.06 N =19
= Iy ——Ac/ceq & 7\ ——Ac/ceq
uE: 0.04 [k =24 E 0.04 ! \ =24
2 0.02 || === Ac/ceq 2 0.02 IR | — Ac/ceq
S |{ =6 s 1 \ =6

0.00 T - - 0.00 T -
0 1 10 100 1000 0 1 10 100 1000
L, um L, pm
t=1s t=10s

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.

NEEDS-ORIENTED ANALY SIS

TASK
OBJECTIVE-ORIENTED
ANALYSIS 5 SYSTEM
WORK S [STATE <
2 | STATIONARY / DYNAMIC | &
= | QUANTITY Z
RESULT % | MODELS z
INTERPRETATION S SIMULATION METHODS =
REPORT
EFFICIENCY ANALYSIS
Figure 24 General structure of the steps of the research task.
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7 CONTROL OF SUPERSATURATION

AL $ire , gtpman 1

De diverfis'modis coquendi falis.

Figure 25 Salt crystallization. Original Olaus Magnus History of Northerner
Nations, 1555. The National Library of Sweden, Kungliga biblioteket
Stockholm. Photograph Jens Ostman

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. P6lldnen, Qu and Kohonen have
used ATR-FRIR spectroscopy in their studies. Polldnen (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 Leiviska 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.
ACTION STATE PAT DATA
| S— '
‘ Decisions J|
S B Analyzer 1 [ ‘Londiﬁonﬁ
Actuator 1 |= ,',!Umtopsralion . [ .
| \[f L
Quality

[ Analyzer N ‘ ‘

Actuator N (
——» |Down stream
T '-| processing

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
e Batch e Melt e Layer e Evaporation
e Semibatch e Solution | e Suspension e Cooling
e Continuous e Pressure
e Using antisolvent
e 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.
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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.
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l 451e400

5.12e40(0 4 132400
4 55e4+0(0 3.76e+00
3.38e4+00
3 88e+00
3 01e+00
341e+00
2 63e+00
2 85e+0(0 2 988400
2 28e401 1.88e+00
i 1.50e+00
1.71e+0(
m 1.13e+00
1.14e+00 7526-01
5.69¢-01 Y 3 76e-01
zx
0.00e+00 . 0 (.JDmU() _ )
Particle residence time (s) Particle residence time (s)
Time 4.2e-1 Time 4 995

FLUENT 5.5 3d segrecated, LES, unsteady

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 ke turbulence model and moving mesh method, 2) steady
with the ke turbulence model and moving reference frame, 3) unsteady with the ke
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 30um. 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.
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Figure 28 Fluent simulation of the premixing of two feeds. The flow is in the
direction of the gravitational force. The solids size is 1-200pm, Rosin-
Rammler distributed with spread parameter 4 and mean 50um. Ten size
areas have been used in the simulation. The solid mass flow is 0.001kg/s
with the density of 2800 kg/m’. 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), 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); 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 Cjy. 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 Cy , 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 Cx.

The effect of one drop in 11 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, n’. 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 n° 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 Cy, solids are formed
before all molecules have received the first hydrogen, and both R(COO’), and
R(COOH)(COQ") 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 C;y 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 C;, 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 A

13+,

Alg(OH)5"", AIOH™", Al(OH); and AI(OH),", 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.
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Figure 32 Size analysis.
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Chord length trend (Lasentec FBRM) of reactive

crystallization of pharmaceutical compound Cyy. Feed flows of 10w-%
sulfuric acid ware 0.17ml/min(K4) 0.28ml/min(K6) and 0.82ml/min(K7).
The initial c(Cy) 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 % of impeller diameter. In the middle on the
right side is particle size measurement of the end product with Malvern.
SEM figures (width 66 pm) are: In the middle on the left K4, bottom left

K6, bottom right K7.



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 C, 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 Cy 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 Cy 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 Cy, 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 C, (left) and L-
glutamic acid (right). The solvent of C,p 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 Cy (left) and L-
glutamic acid (right). Both have been crystallized with a constant feed
rate, Cy K4 0.17ml (10w-% H,SO4)/min, Cpo K7 0.82ml (10w-%
H,SO4)/min. In the case of L-glutamic acid feed rate was 8ml/min. The
concentration of the fed H,SO4 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.
m, (tY t

-]
m, \z T

where K is a parameter, ranging from 1 (no nucleation) to 0 (B>>Nj , no seed). The

parameter, K, is expressed as follows:

K=[1+4N°j (145)

The mass balance of the solute in the solution is as follows:

m Wy —W
= (146)
my — Wo =Wy

Mayrhofer and Nyvlt (1988) derived the optimal cooling profile for a system having a
linear solubility relationship, namely w=a;+b,T. In the present work, the exponential
function of solubility as a function of temperature, w=ae"", has been taken into
account, together with equations (144) and (146) when equation (147) is derived
(Alatalo 1999).

T(t) = ;ln{e”“ - (ebT“ —e' )(;j {1 - K(l - ;ﬂ} (147)
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The solubility of the API-compound C;;7 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 C,7. 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
Nyvlt (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.
c(t)= ceq(T(t))+ Ac = aT(t)+ b+ Ac (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, Ly, is also

required.
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Yang’s equation:

T, =T - %{ 3N koAt (L, + koA, |

k-1

+ 3a"kﬂkGAc’”"Z((To ~1)[L, +koAc (1 )f At)
i=1
+ La'k A" (T, -T,) At
Where:

a parameter in the linear solubility model, Ceq=aT+b
kg parameter in the equation of growth rate, G=kg Ac”
kq parameter in the equation of nucleation, B =kAc"M;
ky volume shape factor, V:kvL3
Lo size of nuclei
L size of seeds at the moment of seeding
N number of seeds in volume
t time
T temperature

Greek
Ac supersaturation, C-Ceq
At time step, T=n At
Pe density of crystal
T 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 a to B 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.

V irensi
de _ _300'06MPE"W(1 ¢ )
dt

Mion L 100
150
{kmDa |:/ua,2 e (L‘;’ 0Ly } + kv,,gﬂp{G}; + kb'ngifL% D o
B = G+ B0 (151)
‘
n,(L.t)= ng(L -| DadtJ (152)
0
U= ]EL/nl.dL (153)
0
where

kep  parameter in equation, By = kpp(C-Ceqp) L 1p3/100,  1/m’/s
c, solute concentration, kg/100kgsolution
D, alpha dissolution rate, =kg, p(C-Ceq,o) /100, m/s
Gp  GpL, Gp=kgpl(c-ceqp)/100, m/s
k, i  volumetric shape factor of o or 8 -
L crystal size, m
Lo size of nuclei/minimum crystal size, m
Ny population density of alpha form, 1/m’/m
m mass, kg
t time, S
A\ volume, m’
Wij jth moment of population density of form I, m'"!/m*/m = m//m*
Pe density of crystals, kg/m®
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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 a 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.
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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

94



secondary nucleation does not depend only on supersaturation (Randolph 1988, 227

and Yang).

Uusi-Penttild 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-Penttild 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- I143; as a function of mass fraction. I;4; is the
second derivative spectrum peak intensity at 141 lem™, and I 43, is the baseline of the
original spectrum peak at 1432 cm™. Uusi-Penttili 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, Gron, Paper I). Gron et al. (2003) based the control on the idea that
when supersaturation is constant, dc/dT is equal with dcey/dT. Kee et al. (2006) have
used a supersaturation as a feedback signal to control seeded cooling crystallization in
the production of o-L-glutamic acid, and Khan et al. (2008) have used relative

supersaturation, ¢/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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X [125%391] y[125]. The coefficients for orthogonal signal correction and the PLS-
model (Wp[2x319], P,[2x391], P[391x2],Q[1x2], W[391x2]) were solved in the

MatLab environment by Kati P6llanen. 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
(Pollanen) 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

X=X-X, (154)
2. Orthogonal signal correction

X=X-xW,(a,:) Po(a,:), a=1..acomp (155)
3. Concentration with the PLS model

b=w(PW)'Q" (156)

y=Xb (157)
4. Centering with respect to calibration data is removed

c=y, +s, P (158)
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Figure 38

where
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Information flow of the experimental setting. The symbols are

explained below. The separate large boxes from the left to the right are

the computer, 10-plexer, thermostat unit and crystallizer.

concentration

coefficients from calibration

population density in crystallizer

heating power

cooling power

set value for supersaturation

analogical signal for temperature set value
temperature in crystallizer

digital set value for temperature
temperature of coolant

digital value of temperature in crystallizer
absorbance spectrum

resistance in Pt-100 sensor

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 MBI155 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-Penttild (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 SUTHAZO01, SUTHAZ02, SUTHAZ and
SUTHAZO05.
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Figure 39 XRPD diffraction patterns (left) and simulated sulphatiazole forms(right)
SUTHAZ01, SUTHAZ02, SUTHAZ and SUTHAZO05 (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) co T* Seed Polymorph
g/100g °C  p-% suthaz01 suthaz02
koe0O1 2 0.1 748 603 1 0.4 0.6
koeO1 3 0.1 748 603 1 0.3 0.7
koe05 1 0.5 788613 1 0.1 0.9
koeOS 1b 0.5 7.88 613 1 0.4 0.6
koel 1 1 838 624 1 0.4 0.6
70 10
60 ’ W— 19
o "'"""\..‘ 18 o
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Figure 40 Concentration and temperature profiles, direct Ac controlled, seeded

batch crystallization of sulphathiazole. The mixing rate was 400 rpm. The

set values for Ac 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,
Ac=c-c¢q, 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 I1I 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, IIT
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 IIl. 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/cq, 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, Ac
=1mol/L, of supersaturation and with pH-dependent equilibrium concentration,
Ceq=0.2mol/L (29.4 kg/m®). 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.
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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 11

crystallizer with 650ml initial solution. Other experiments were done in a

50L crystallizer with 13.051 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 Cyy 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-cq, 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,

102



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 a-form fraction
during the precipitation measured by the Raman in-line probe revealed that the
nucleation of the B-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 B 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 a-L-glutamic acid
requires that c-cq 21 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 a-form was about 0.7 with feed rate control

of 1.5M reagents.

In the precipitation of DCPD, the reagents (Ca(OH), 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 C,g, 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 C,y. These two cases (DCPD and Cyp) 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.

104



9 REFERENCES

Abebe S.B., Wang X.Z., Li R., Roberts K.J. & Lai X., The information content in
NIR spectral data for slurries of organic crystals, Powder Technology
2008;179:pp.176-183

Abegg C. F., Stevens J. D. & Larson M., Crystal size distributions in continuous
crystallizers when growth rate is size dependent, AIChE Journal,
1968;14:1:pp.118-22

Adachi S., Optical properties of a-Sn, Journal of Applied Physics,
1989;66:2:pp.813-819

Alatalo H., Louhi-Kultanen M. & Palosaari S., Operation of batch crystallization:
non-linear solubility effects, 7™ International Workshop on Industrial
Crystallization, BIWIC 1999, pp.93-100 Halle, ISBN 3-86010-572-8

Amend J. P. & Helgeson H. C., Solubilities of the common L-a-amino acids as a
function of temperature and solution pH, Pure&Applied Chemistry ,
1997;69: No.5, pp.935-942

Aumala O., Teollisuusprosessien mittaukset, 3. uudistettu painos, Pressus Oy,
Tampere, 1996, 5.219-222 (in Finnish)

Bird R.B., Steward W. E. & Lightwood E.N., Transport Phenomena, John Wiley &
Sons,New York, 1960

Black S.N., Davey R.J. & Halcrow M., The kinetics of crystal growth in the
presence of tailor —made additives, Journal of Crystal Growth,

1986;79:765-774

Braatz R.D., Advanced control of crystallization processes, Annual Reviews in
Control, 2002;26:87-99

Brittain H. G. Editor, Polymorphim in Pharmaceutical Solids, New York, Marcel
Decker Inc., 1999

Castellan G. W., Physical chemistry, 3" ed., The Benjamin / Cummings Publishing
Company, Menlo Park,1983 , ISBN 0-201-10386-9

Crawley G.M., Gruy F. & Cournil M., In-line study of crystal fragmentation in a
stirred reactor, Chemical Engineering Science 1996;51: 20: pp. 4537-
4550

CRC Handbook of Physics and Chemistry, 60" Ed., CRC press, New York, 1995

105



Dai Y., Master Thesis, In-line monitoring of orecipitation process using Raman
spectroscopy and ATR-FTIR , supervisor Qu H., LUT, 2007

Daimon M. & Masumura A., Measurement of the refractive index of distilled water
from the near-infrared region to the ultraviolet region, Applied Optics,
2007;46:18

Davey R.J. & Garside J., From Molecules to Crystallizers An Introduction to
Crystallization, Oxford University press, 2000

Dressler D.H., Hod I. & Mastai Y., Stabilization of a-L-glutamic acid on chiral thin
films — A Theoretical and experimental study, Journal of Crystal Growth
2008; 310: 1718-1724

Dunuwila D.D., Carroll L.B. & Berglund K.A, An investigation of the applicability
of attenuated total reflection infrared spectroscopy for measurement of
solubility and supersaturation of aqueous citric acid solutions, Journal of
Crystal Growth 1994;137:561-568

Enqvist Yuko, Comprehensive Study of Crystal Growth from Solution, Dissertation,
Lappeenranta University of Technology, Chemical Technology, Acta
Universitatis Lappeenrantaensis, 2004, URN:ISSN:1456-4491

Févotte, G., Lewiner, F. & Klein, J.P., Measurement of Supersaturation through
Calorimetry and ATR FTIR. A Case study, Proceedings of Bradiwic II, 9-
10 Sep 1999, p. 36-43

Garey C. L., Editor, Physical Chemistry of Pigments in Paper Coating , Tappi press,
Atlanta 1977

Garside J., Jancic , Prediction and measurement of crystal size distribution for size-
dependent growth, Chemical Engineering Science 1978; 33:1623-1630

Garside J., Davey R.J. & Jones A.G., Advances in Industrial Crystallization,
Butterworth Heinemann, Oxford, 1991

Gerson A.R., Roberts K.J. & Sherwood J.N., An instrument for the examination of
nucleation from solution and its application to the study of precipitation
from diesel fuels and solutions of n-alkanes, Powder Technology,
1991;65: pp.243-249

Gibbs, J.W. (1906), Scientific papers.(The collected works of J.Willard Gibbs. Yale
university press, New Haven, p.258, 1957) IN: Nielsen Arne E., Kinetics
of precipitation, Pergamon Press, oxford, 1964

Gron H., Borissova A. & Roberts K.J., In-process ATR-FTIR spectroscopy for
closed-loop supersaturation control of a batch crystallizer producing
monosodium glutamate crystals of defined size, Industrial &Engineering
Chemistry Research, 2003;42:198-206

106



Hammond R.B, Lai X., Ma C., Purba E. & Roberts K.J., Kinetic of Solution
Mediated Polymorphic Transformation of Glutamic Acid Determined
Through Application of In-situ Powder X-ray diffraction, 7" world
Congrerss of Chemical Engineering, Glasgow , 2005

Harrick N.J. & du Pré, Effective tickness of bulk material and of thin films for
internal reflection spectroscopy, Applied optics, 1966;5:11:1739-1743

Heffels, C., Polke, R., Rddle, M., Sachweh, B., Schifer, M. & Scholz, N., Control of
Particulate Processes by Optical Measurement Techniques, Particles and
Particlesystems Characterization, 1998;15: 211-218

Herdan G., Small Particle Statistics, Butterwords, London, 1960, IN: Oja Marja
Doctoral thesis

Hermanto M.W, Woo X.-Y. & Braatz R.D., Robust optimal control of polymorphic
transformation in batch crystallization, AIChE journal, 2007;53:10:2643-
2650

Hirayama N., Shirahata K., Ohashi Y. & Sasada Y., Structure of a-form of L-
Glutamic Acid. a-f Transition, Bull Chem Soc Jpn., 1980;53: No 1,
pp-30-35

Hirokawa S., A New Modification of L-Glutamic Acid and its Crystal Structure,
Acta Crystallography, 1955;8:637

Jenkins F.A., &White H.E. , Fundamentals of Optics, 4t Ed., 1976, Tokyo

Kaplan S.G., Hanssen L.M., Griesmann U. & Gupta R., Fourier transform
refractometry, Proceedings of SPIE-The International Society for Optical
Engineering (1998), 3425(Optical Diagnostic Methods for Inorganic
Transmissive Materials), 203-212. Publisher: SPIE-The International
Society for Optical Engineering

Kee N.C.S., Tan R.B.H &. Braatz R.D., Selective crystallization of metastable o-
form of L-Glutamic acid through feedback concentration control, AIChe
Annual Meeting, San Francisco, USA,2006

Khan S., Mahmud T., Penchev R.Y. & Roberts K.J., Closed loop control of
supersaturation using ATR-FTIR spectroscopy in batch cooling
crystallization of an organic compound in an industrial pilot-scale
crystallizer, In: Jansens J. P.(ed), Ulrich J.(ed), ISIC17- CGOMS
proceeding, Maastricht, 2008;2:19-26.

Kim W.-S. & Tarbell J.M., Numerical Technique for solving population balances in

precipitation  processes, Chemical Enginering Communications,
1991;101:pp.-115-129

107



Kind M., Precipitation phenomena and their relevance to precipitation technology,
Industrial Crystallization, IChemE 1999

Kind M., Colloidal aspects of precipitation processes, Chemical Engineering
Science, 2002, Vol 57 pp. 4287-4293

Kirk Othmer, Encyclopedia of Chemical Technology,Vol 2,: Springer, Berlin, 1984,
pp. 411, 413

Kivinen A. & Mikitie O., Kemia, 5™ Ed., Keuruu, 1988 (on Finnish)

Kramer T.A. & Clark M.M., The Measurement of Particles Suspended in a Stirred
Vessel Using Micphotography and Digital Image Analysis,
Particle&.Particle Systems Characterization, 1996;13: 3-9

Kreyszig E., Advanced Engineering Mathematics 8" Ed., John Wiley & sons,
Singapore, 1999

Mark Kurlansky, Suola erds maailman historia, Translation of Salt: a world history,
pystykorvakirjat. Keuruu, 2002 (in Finnish)

Lehtinen E. (Ed.), Coating pigments - general, Pigment Coating and Surface Sizing
of Paper, Papermaking Science and Technology, Book 11, Fapet Oy,
Jyviaskyla, 2000, p. 61-68

Lehtinen M.J., Industrial Minerals and Rocks The end of the boom, Kemia
2009;36:No5: pp. 56-58

Leiviskd K., Process control, Paper making science and technology, Fapet oy, 1999,
Jyviaskyla

Lewiner F., Klein J.P., Puel F. & Fevotte G., On-line ATR-FTIR measurement of
supersaturation during solution crystallization processes. Calibration and
application on three solute/solvent systems, Chem. Eng. Sci,
2001;56:pp.2069-2084

Lewiner, F., Févotte, G., Klein, J.P. & Pfefer, G., Application Of In Situ ATR FTIR
to the On Line Monitoring of Batch Crystallization with Agglomeration,
ISIC ’99, Cambridge University, 12-16 September 1999

Li R. F.,, Penchev R., Ramachandran V., Roberts K. J., Wang X. Z. & Tweedie R.J.,
Prior A., Particle shape characterization via image analysis: From
laboratory studies to in-process measurements using an in situ particle
viewer system, Organic Process Research & Development, 2008;12: No 5
pp. 837-849

Lindenberg C. & Mazzotti M., Effect of temperature on the nucleation kinetics of a-
L-glutamic acid, Journal of Crystal Growth, 2009;311:1178-1184

108



Mayrhofer B. & Nyvlt J. Programmed cooling of batch crystallizers, Chemical
Engineering &Processing, 1988;24:4,217-220

Mersman A., Calculation of interfacial tensions, Journal of Crystal Growth,
1990;102: 4: pp.841-847

Mersman A., Angerhofer M. & Franke J., Controlled precipitation, Chemical
Engineering Technology, 1994 ;17 :1-9

Mersman A., Crystallization Technology Handbook, New York, Marcel Dekker
Inc., 1995

Mersman A., Crystallization and precipitation, Chemical Engineering and
Processing, 1999;38:345-353

Mirabella F.M., J. polym. Sci., Polym. Phys. Ed.21, 2403 (1983) IN: Francis M.
Mirabella Jr.  Ed., Internal Reflection Spectroscopy Theory and
applications, Practical spectroscopy A series, VOL 15, 1993 Marcel
Dekker inc., New York

Mirabella F. M. Ed., Internal Reflection Spectroscopy Theory and Applications,
Practical Spectroscopy A series, VOL 15, Marcel Dekker inc., New
York, 1993

Mullin J.W., Crystallization, 4™ Ed., Butterworth Heinemann Ltd., London, 2001

Mullin J.W. & Nyvlt J., Programmed Cooling of Batch Crystallizers, Chemical
Engineering Science, 1971;26:369-377

Myerson A. S., Handbook of Industrial crystallization, Butterworth Heinemann,
Boston, 2002

Myerson A. S., Handbook of Industrial crystallization, Butterworth Heinemann,
Boston, 1993

Nagy Z.K., Chew J.W., Fujiwara M. & Braatz R.D., Comparative performance of
concentration and temperature controlled batch crystallizations, Journal
of Process Control, 2008;18:399-407

Nielsen A. E., Kinetics of precipitation, Pergamon Press, Oxford,1964

NyvltJ. & Ulrich J., Admixtures in Crystallization, Weinheim, VCH, 1995

Ohtaki H., Crystallization Processes, Chichester, John Wiley & Sons Ltd, 1998

Oja M., Pressure Filtration of Mineral Slurries: Modelling and Particle shape

Characterization, Doctoral thesis, Lappeenranta University of
Technology, Lappeenrannan teknillinen korkeakoulu, 1996

109



Ono T., ter Horst J.H. & Jansens P.J., Quantitative measurement of the polymorphic
transformation of L-glutamic acid using in-situ Raman spectroscopy,
Crystal Growth & Design, 2004;4: 3:1161-1167

Partanen J.I., Juusola P.M. & Minkkinen P.O., Redetermination of the
thermodynamic values of the first and second dissociation constants of
glutamic acid in solutions at 298.15K, Acta Chemica Scandinavica,
1998;52:198-206

Peiponen K.-E., Vartiainen E.M. & Asakura T., Dispersion, Complex Analysis and
Optical Spectroscopy Classical Theory, Springer Tracts in Modern
Physics, 1999; Vol. 147, Berlin

Popplewel L.M., Campanella O.H., Normand M.D. & Peleg M., Description of
normal, log-normal and Rosin-Rammler particle populations by a
modified version of the beta distribution function, Powder Technology
1988;54:2: 119-125

Pollanen K., Monitoring of crystallization processes by using infrared spectroscopy
and multivariate methods, Lappeenranta University of Technology,
Chemical Technology, Applied Chemistry, Acta Universitatis
Lappeenrantaensis, 2006, URN:ISSN:1456-4491

Pollanen K., Hékkinen A., Reinikainen S-P., Louhi-Kultanen M. & Nystrém L., A
study on batch cooling crystallization of sulphathiazole process
monitoring using ATR-FTIR and product characterization by automated
image analysis, Chemical Engineering Research and Design, 2006;
84(A1):47-59

Qian R.Y., Fang X.S. & Wang Z.K., Supersaturation and crystallization kinetics of
potassium chloride, Industrial & Engineering Chemical Research,
1989;28:6:844-850

Qu H., Towards desired crystalline product properties: In-situ monitoring of batch
crystallization, Dissertation, Lappeenranta University of Technology,
Faculty of Technology, Chemical Technology, Acta Universitatis
Lappeenrantaensis, 2007, URN:ISSN:1456-4491

Qu H., Alatalo H., Dai Y., Kohonen J., Hatakka H., Louhi-Kultanen M.,
Reinikainen S.P. & Kallas J., Raman and ATR-FTIR spectroscopy in
reactive crystallization: simultaneous monitoring of solute concentration
and polymorphic state of the crystals, IN: Jansens J.P.(ed.), Ulrich J.(ed.),
proceeding ISIC 17 CGOM 8, 2008;2:.753-760, Maastricht

Randolph A.D. & Larson M.A., Theory of particulate processes, analysis and
techniques of continuous crystallization, 2™ Ed., San Diego, Academic
Press Inc., 1988

110



Rawlings J. B., Miller S.M. & Witkowski W.R., Model identification and control of
solution crystallization processes, A review, Industrial & Engineering
Chemistry Research 1993;32:1275-1296

Redman, T. P., Rohani, S. & Strathdee, G. Online control of supersaturation in a
continuous cooling KCI crystallizer. Canadian Journal of Chemical
Engineering 1995; 73:5: 725-33

Redman, T., Rohani, S. & Strathdee, G. Control of the crystal mean size in a pilot
plant potash crystallizer. ~ Chemical Engineering Research and Design
1997; 75(A2): 183-192

Rohani S., Horne S. & Murthy K., Control of product quality in batch crystallization
of pharmaceuticals and fine chemicals. Part 1: Design of the
crystallization process and the effect of solvent., Organic Process
Research & Development, 2005; 9:6:858-872

Rohani S., Horne S. & Murthy K., Control of product quality in batch crystallization
of pharmaceuticals and fine chemicals. Part 2: External control, Organic
Process Research & Development, 2005; 9:6:873-883

Rousseau R.W. & Howell T.H., Comparison of simulated crystal size distribution
control systems based on nuclei density and supersaturation, Ind. Eng.
Chem. Process Des. Dev., 1982;21:606-610

Scholl J., Vicum L., Muller M. & Mazzotti M., Precipitation of L-glutamic Acid:
Determination of nucleation kinetics, Chemical Engineering Technology,
2006;29:257-264

Scott, D.M., Boxman, A. & Jochen, C.E., In-Line Particle Characterization,
Particles & particles systems characterization 1998;15: 47-50

Serway R.A., Physic for engineers and scientists, CBS college publishing , New
York, 1986

Sha Z., Continuous crystallization in imperfectly mixed suspensions, Dissertation,
Lappeenranta university of technology, Department of chemical
technology, Laboratory of chemical engineering, Acta polytechnica
Scandinavica, 1997; Ch 252, Finnish Academy of Technology, Espoo

Singh S.K. & Kishore N., Partial molar volumes of amino acids and peptides in
aqueous salt solutions at 25°C and a correlation with stability of proteins

in presence of salts, Journal of Solution Chemistry, 2003; 32:2:117-134

Soéhnel O. & Garside J., Precipitation Basic principles and industrial applications,
Oxford, Butterworth Heinemann Ltd., 1992

Sten M., Johdatus paperikemiaan, 1998, Lappeenranta, ISBN 951-764-256-0 (in
Finnish)

111



Stoiber R.E. & Morse S.A., Crystal Identification with the Polarizing Microscope,
Chapman & Hall, New York, 1994

Tadayyon A., & Rohani S., Determination of particle size distribution by Par-Tec®
100: Modelling and Experimental Results, Particles&particles systems
characterization 1998;15: 127-135

Tadayyon A., Arifuzzaman S. M., & Rohani S., Reactive Crystallization of Brushite
under steady state and transient conditions: Modelling and experiment,
Industrial&Engineering Chemistry Research, 2003;42: 26: 6774-6785

Tung H-H., Paul E.L. & McCauley J.A, Crystallization of Organic Compounds An
Industrial Perspective, Wiley, New Jersey, 2009

Ulaby F.T., Fundamentals of Applied Electromagnetism, Prentice Hall, New Jersey,
2001

Uusi-Penttila M.S. & Berglund K.A., In situ Monitoring of Batch Antisolvent
Crsytallization Using Attenuated Total Reflection Fourier Transform
Infrared Spectroscopy, Proceedings of the Fourth International Workshop
on Crystal Growth of Organic Materials, 17-19 Sep 1997, Bremen, p.
245-52

Vaccaro A., Sefvik J. & Morbidelli M., modeling Focused Beam Reflectance
Measurement and its Application to Sizing of Particles of Variable Shape,
Particles&particles systems characterization 2006;23: pp.360-373

Wabhlstrom E.E., Optical crystallography (1979) 5th Ed., 1979, New York

Woo X.Y, Nagy Z. K., Tan R. B. H. & Braatz R.D, Adaptive concentration control
of cooling and antisolvent crystallization with laser backscattering
measurement, Crystal Growth & Design, 2009;9: No 1, pp.182-191

Workman J. Jr. Editor.,, Springsteen A.W. Editor, Applied Spectroscopy A
Compact Reference for Practitioners, Elsevier Inc,1998 , pp.69-70

wwwrefl: http://refractiveindex.info, (include ref to Handbook of Optics, Vol. 2,
2nd edition. McGraw-Hill 1994), read april 2010

Yan Z., Hou D., Huoang P. Cao B., Zhang G. & Zhou Z., Terahertz spectroscopic
investigation of L-glutamic acid and L-tyrosine, Measurement science
and technology, 2008;19: 1

Yang, G., Control and Simulation of Batch Crystallization, Lappeenranta University
of Technology, Chemical Technology, Chemical Engineering, Acta
Universitatis Lappeenrantaensis, 2005

Yu Z.Q., Chew J.W., Chow P.S. & Tan R.B.H., Recent advances in crystallization

control an industrial perspective, Chemical Engineering Research and
Design, 2007;85: A7, pp.893-905

112





