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Introduction

1. Introduction

The manufacturing of active pharmaceutical ingredients (APIs) often involves final or
intermediate products in solid state produced by precipitation or preferably by
crystallization. Crystallization processes are established for purification, and simultaneously
induce mixture separation [Mul01, Lew01]. Over 80 % of the drug products are produced by
at least one crystallization step [Reu06]. The product quality of the solid product has to meet
stringent specifications, such as particle size distribution, particle shape, crystallographic
phase and purity. These properties have the potential to impact bioavailability of the API
[Var08]. Often, however, batch-to-batch variations are observed in crystallization processes
which can lead to bad physicochemical product properties and a decrease of product quality
(e.g. wrong size distribution). Such variations can have a strong impact on the processability
of the API during the subsequent physical treatments like filtration, drying or milling of the

material [Fetll, Kad12], but also on the efficiency and profitability of the process.

A general trend of the pharmaceutical drug development is to speed up processes. The final
goal is to reduce costs and to extend patent protection for the drug molecule or its
application. Resulting by these demands high risk decisions are taken which involve the scale
up from lab to pilot plant to production without the full knowledge and understanding of the
process such as the kinetics, crystallization or filtration conditions [Fed09]. As shown for
instance in 1998 by Abbott’s Ritonavir marketed for AIDS treatment, the production of the
undesired metastable polymorphic form can lead to a market crises and to the loss of
hundreds of millions of dollars [Par08]. In order to produce quality products and to prevent
such failures during any stage of development, a deep knowledge and understanding of the
processes is necessary during industrial scale up as well as the possibility to monitor and
control crystallizations in-situ [Che07]. Consequently, the Food and Drug Administration
(FDA) recommends the pharmaceutical industry to pay more attention at drug development
and announced a new initiative in 2002 (cGMP for the 21% Century: A Risk based Approach),
followed by the PAT guidance (PAT - A Framework for Innovative Pharmaceutical
Development, Manufacturing and Quality Assurance) in 2004. This changes the direction of
the pharmaceutical industry from the traditional quality-by-testing method towards a

quality-by-design approach [San12].

Quality-by-design approaches involve the use of process analytical technology (PAT) tools as
for instance NIR-, MIR- or Raman spectroscopy, turbidity or ultrasound. These technologies
offer the possibility to monitor and control important process parameters (e.g.
concentrations) in real-time [Bak05], which can lead to increased and more constant
product quality by real-time process decision-making and process adjustment [Taw09]. In

order to analyze the complex data measured by PAT tools, the PAT approach requires the
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use of intelligent multivariate data acquisition and data analysis tools at the same time. In
order to facilitate the challenging scale up from laboratory to pilot plant or industrial scale,
the application of such techniques is not only preferable in the lab but also at higher scales.
The challenges arise from mixing and heat transfer effects, which change with the scale,
leading to differences in the temperature and supersaturation profiles. Furthermore, process
development at pilot plant or industrial scale without the use of online measurement
techniques is based on the assumption that metastable zone widths and kinetic parameters
determined at lab scale are the same at pilot or industrial scale, which ignores e.g. the fact
that the nucleation point depends on the process conditions. Also the impurity profile might
be significantly different in the pilot plant compared to the laboratory scale [Kad12].
Applying PAT tools in pilot plant scale, the process transferred from laboratory scale can be
optimized within a short time on the basis of fast and reliable data acquisition with

representative sampling.

In industrial practice, however, only recently some in situ sensors have started to be applied
at pilot or industrial level. In pharmaceutical industry, Raman spectroscopy for instance is
still mainly used as laboratory analytical method and usually not implemented in the
production process. The implementation of such techniques in pilot plant or industrial scale
is often time and cost intensive as modifications and adaptions of the equipment are
required. Therefore, in technical or industrial scale only few publications describe the
implementation of PAT tools [Kad11, Wirl3, Fetl3b, Hell3a, Hell3b]. Wirges et al. [Wirl3]
for instance successfully implemented Raman spectroscopy at a production scale drum
coater to determine the correct endpoint of a coating operation by a Partial Least Squares
(PLS) calibration model. A publication of Kadam et al. [Kad11] shows the application of MIR
spectroscopy to monitor the supersaturation during the crystallization of ammonium
sulphate at a semi-industrial scale (PLS model). Furthermore, almost no information is given
in the literature, which limitations and problems can occur during applications in industrial
scales. Kadam et al. [Kad11] for instance already showed that the use of a PLS calibration
model developed at lab scale may lead to biased concentration measurements on semi-
industrial scales. Based on this information new problem-solving approaches can be tested
in the future, since calibration transfer between the different process scales is highly

desirable in order to minimize the efforts needed for model development and validation.

All these examples show the need for further investigations to test the application of PAT
tools in pilot plant or industrial scales aimed to monitor and develop robust crystallization
processes. The sensitivities, strengths and weaknesses of these different measurement
techniques have to be compared to facilitate the selection of suitable PAT tools for process

design and scale-up.
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2. Basics of solution crystallization
2.1 Solubility and metastable zone width

If a solid solute is added to a solvent, a homogeneous solution is formed by the complete
dissolution of the solid material. At a given temperature a maximum amount of solute which
can be dissolved in a given amount of solvent is reached. This temperature is called
saturation temperature and the solution is said to be saturated. The amount of the solute
material which is necessary to produce a saturated solution at given conditions (e.g.
temperature, solvent, pressure) is known as solubility [Sch02a]. Solubilities of
pharmaceutical and non-pharmaceutical materials are substance-specific and vary over a
wide concentration range. It is commonly recognized in the pharmaceutical industry that in
average more than 40 % of newly discovered drug candidates have a poor solubility in water
[Pral2]. The low solubility of Active Pharmaceutical Ingredients (API) in aqueous media
consequently might result in a low bioavailability, depending on the dissolution rate, and
moreover in a low pharmaceutical effect. Therefore, the solubility is one of the most
important physicochemical properties which is studied during the development of

pharmaceutical preformulations, deciding about success or failure [Wei07].

In the majority of cases the solubility concentration is increasing with the increase of
temperature. The rate of increase, however, varies widely from the used compound and
solvent [Sch02a]. The solubility of the used pharmaceutical compounds as a function of

temperature is shown in Fig. 2-1.
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Fig. 2-1: Solubility data of the pharmaceutical compounds used in this study measured by
ultrasound (1) or turbidity (2). Used solvents: see section 5.1 (for citric acid: water).
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The investigated compounds can be classified according to their solubility to sparkling

soluble up to very soluble (Descriptive Classification of Drug Solubility) [Jou10].

From this kind of information important conclusions can be drawn concerning the product
yield of the crystallization process (mass balance) or if a cooling crystallization is the efficient
technique to crystallize the material or not. For compounds with low temperature
dependency of the solubility anti-solvent, evaporation or reactive crystallization has to be
considered [Sch02a].

The solubility of a compound in a particular solvent can be described graphically by a phase
diagram. From the thermodynamically point of view the solubility or saturation curve
describes that the chemical potential of the solute in the solution at a given temperature is
the same as the chemical potential of the species in the solid phase [Sch02a]. The
thermodynamically fixed solubility depends on concentration, temperature and pressure.
For most commercial applied crystallization processes the pressure plays a minor role,
therefore the phase diagram can be reduced to a temperature-concentration-diagram.
Phase diagrams can be of significant complexity and may involve additional stable phases
and/or species. A detailed discussion of this issue is given in the literature (e.g. Gorés8,
Mer0O1a, Ros81).

For industrial crystallization processes frequently only a specific section of the complete
phase diagram is of interest (solubility curve) shown exemplary in Fig. 2-2. Additionally, to
the solubility curve the phase diagram in Fig. 2-2 can be extended by adding a nucleation
curve (the upper limit of the metastable zone), which is a non-thermodynamic factor. In
contrary to the solubility curve the nucleation curve depends on process parameters as for
instance cooling rate, mechanical disturbances induced e.g. by stirring or the presence of
impurities. The solubility and nucleation curve separate the phase diagram in three zones. In
the stable zone the solution is undersaturated. Therefore, crystallization is impossible and
the addition of crystals leads to their dissolution. The metastable zone represents the area
between the solubility and nucleation curve. Only in this zone crystal growth is possible after
the addition of seeds, which is also referred as controlled crystallization process. The larger
the zone width is the more stable is the solution. The metastable zone width defines,
therefore, the operating window of the process [Cro11]. Operating a crystallizer close to the
saturation curve by the addition of seed crystals result in slow growth rates and enables to
improve the product quality (particle size distribution, purity) and to control polymorphism.
Since very low supersaturations require long retention times, the optimal supersaturation
level for industrial applications is approximately half of the metastable zone width [Hof04,
Tit03]. Important parameters which have to be considered for seeding are the mass and the

size of the seed crystals, the quality of the material (milled, recrystallized, suspended), the
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supersaturation level at the time of seed addition, the cooling rate (controlled, linear) and

the location of the seed addition into the crystallizer [War06a].

If the supersaturated solution is cooled down further towards the nucleation temperature
(nucleation curve), spontaneous nucleation occurs. At this point supersaturation suddenly
decreases and the solubility concentration will be reached at the given temperature. The
crystalline product is of small size and has a wide particle size distribution. The system wiill
never reach the zone beyond the metastable zone (unstable zone). Please note the
importance to characterize the metastable zone width (MZW) under a specific set of
operating conditions (see nucleation temperature), which are closely to the conditions in the
final-scale of the crystallization process. Understanding the MZW is of fundamental

importance to be able to control crystal growth [Cro11].

unstable zone

@esecsssesseessenssintne

+ spontaneous nucleations
.

{®e_ @

asscssssssssssesssnsase

Concentration

metastable

zone solubility curve

stable zone

Temperature

Fig. 2-2: Schematic solubility diagram.

A solute is maintained in solution until a sufficiently high level of supersaturation has been
developed. A solution is known as supersaturated (metastable) when the solute
concentration exceeds equilibrium (saturated) concentration at a given temperature. The

supersaturation is the driving force of any crystallization process [Sch02a].

According to the literature numerous units of solubility concentrations and supersaturations
are available. Within this work the solubility will be expressed as [g/100g], which means 1 g
solid is dissolved in 100 g of solvent or in [wt%] which means the percentage of the mass of
salt based on the total mass of the solution. The supersaturation is expressed as
concentration difference (concentration at a given temperature minus equilibrium
concentration) in [g/100g] or [wt%]. For solutions of hydrates the term refers to the
concentration difference between the hydrate in supersaturated and saturated solutions,
respectively, even though the existence of a hydrate in solution may only be hypothetical
[Soh78].
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2.2 Nucleation and crystal growth

Supersaturation is the essential requirement for crystallization operations. This state,
however, is not at equilibrium. Since every system attempts to achieve an equilibrium state,
supersaturated solutions finally crystallize. Crystallization from solution can be divided into
two kinetic steps. The first step is the nucleation, and the second is the subsequent growth

of nuclei to crystals.
Nucleation

Nucleation results from the aggregation of molecules or ions in a supersaturated solution. It
plays a very important role in determining the final crystal properties (crystal size
distribution, morphology, polymorphic form). Thus, understanding the fundamentals of
nucleation is crucial to control crystallization processes. For nucleation to happen it needs
the molecules to come closer together and to form clusters. The formation of clusters is a
stochastic process and is described by the Classical Nucleation Theory (see Fig. 2-3). The
clusters continuously alter their sizes by the attachment or detachment of a molecule. The
clusters need to achieve a critical size until they are energetically stable. The critical cluster
size is an inverse function of the supersaturation and therefore of temperature. As the
supersaturation increases the critical cluster size decreases, leading to the formation of a
fine crystalline product since more nuclei will be formed [Kas00, Mul01]. Detailed
information on the classical theory of nucleation and nucleation kinetics is given e.g. by
Mersmann [Mer01b]. In addition, nucleation can be described by the Two-step Nucleation
Theory. According to this theory, density fluctuations occur initially and are followed by
structural fluctuations as shown in Fig. 2-3. Further information on the two-step nucleation

theory is given e.g. by Wolde et al. [Wol97].

Two-step R
Nucleation Model 0%00

/ o 000\

0 (o]
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0200 > % — <:>

o
0% %o S Classical o
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Fig. 2-3: Schematic representation of the nucleation models [Chel1l].

The nucleation can be classified based on the presence or absence of crystalline material in
solution. If a solution doesn’t contain crystalline surfaces (neither solid foreign particles, nor
crystals of its own type) nuclei can be formed only by homogeneous nucleation. If foreign
particles are present, nucleation is facilitated and the process is known as heterogeneous

nucleation. Both homogeneous and heterogeneous nucleation are known as primary
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nucleation occurring when a specific supersaturation is obtained. Homogeneous nucleation
is not common during industrial crystallization processes. In most cases impurities lead to

the induction of heterogeneous nuclei formation.

When solution-own crystals are present (e.g. added seed crystals or attrition fragments)
nuclei occurs even at low supersaturations. Such kind of nucleation is known as secondary
nucleation. It should be noted that a distinction is made between secondary nucleation
resulting from contact, shearing action, breakage, abrasion and needle fraction [Mer01b,
Mul01]. Contact nucleation is probably the most common secondary nucleation mechanism
in industrial crystallizers. Contact nucleation is a result of micro abrasion which occurs when
crystal-crystal, crystal-impeller, crystal-crystallizer wall come in contact [Wis86]. According
to Ulrich [UIr81] the major proportion of abrasion is formed in the recirculation pump.

Fig. 2-4 shows schematically the influence of different nucleation mechanism on the MZW.

Metastable zone width

 secondary

* primary, heterogeneous

concentration c¢*, ¢

* primary, homogeneous

.
Ll

temperature T

Fig. 2-4: Metastable zone width for different nucleation mechanism [Mer01b].

Very high supersaturations end with primary nucleation, which is characterized by the
formation of a large number of fine nuclei. Consequently, important product parameters,

such as a specific crystal size distribution are not controllable and recoverable anymore.
Growth

Following nucleation the process of crystal growth involves the expansion of the nucleating
centers that have achieved a critical size by the addition of solute molecules from the
supersaturated solution [Cro11, Mer01b]. Many subsequent steps have to take place before
a growth unit from the bulk solution is incorporated into the crystal lattice. There are
different theories which can be used to describe crystal growth processes, e.g. the surface
energy theory, the diffusion theory or the adsorption layer theory. They are well described in

the literature by Dhanaraj et al. [Dha10] and Mullin [Mul01].

2.3 Crystalline Form

Materials can form solids that are crystalline or amorphous, depending on the conditions.

Crystals are solids in which the atoms are arranged in a three-dimensional repeating periodic
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structure. The presence of a long-range order is characteristic for crystalline materials
(exceptions can be nanocrystalline materials). Amorphous materials are compounds without
any long-range order. Generally amorphous solids can have useful properties such as a
higher solubility and a faster dissolution rate, because they have higher free energies and
sometimes better compression characteristics than crystals. Unfortunately, amorphous
solids are physically and/or chemically less stable compared to crystals. Crystalline materials
can be polymorphs, solvates, hydrates, co-crystals or salts. In general, if a pharmaceutical
compound is insoluble, hygroscopic or difficult to crystallize, a search for salts or co-crystals
will be conducted. Salts make APls more bioavailable, but more than 30 % of pharmaceutical
compounds lack suitable functionality for salt formation [Chell]. Crystals of the same
chemical composition but with different arrangements of the atoms forming different three-
dimensional structures are known as polymorphs [Hil06, Mer0O1b]. This phenomenon has
great importance in the pharmaceutical industry as different polymorphs can exhibit
different chemical properties such as reactivity and physical properties such as density,
melting point, color, solubility and dissolution rate, which consequently affects the
bioavailability and stability of the drug substance [Chell]. In addition polymorphism often
means a change of the external shape of the crystal, which is directly related to the
effectiveness of downstream processes, such as filtration [Mye02]. Furthermore, solvates or
hydrates can exist, which were also referred to as “pseudopolymorphs” in the past. In the
case of reversible solvates or hydrates the molecule(s) of the solvent or water can be
removed from the solvate or hydrate without affecting the crystallinity of the solid. For
irreversible solvates or hydrates the desolvation or dehydration leads to a reduction of
crystallinity (amorphization) [End11]. Cocrystals can be considered as a special case of
solvates, where the solvent is at ambient conditions not liquid. Instead of a solvent an
involatile compound bonded noncovalently or through hydrogen bonds to the molecular
solid in a regular ordered manner. Food additives, preservatives, excipients, vitamins,
minerals, amino acids, biomolecules, and other APIs can be selected as co-crystal formers
[Chell]. Polymorphs can have a monotropic or enantiotropic relationship [End11].
Polymorphs are defined as enantiotropic when the transition point between the two phases
is found at temperatures below the melting point. When there is no transition point below

the melting points of the two polymorphs, the forms are monotropically related [Chell].

Although the solid-liquid equilibrium is defined by thermodynamics, kinetic factors play an
important role during crystallization processes. Thus, the prediction and the control of the

polymorphic form of the crystals initially crystallizes out from solution is a complicated task
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[Lou08]. According to the Ostwald rule of stages, it is quite common for an unstable
polymorph to appear first (lowest energy barrier) and then to transform to the stable form
(highest energy barrier) [Mye02]. Therefore, the number of thermodynamically accessible
solid forms depends strongly on the level of supersaturation (concentration) [Chell]. But
also other operating parameters, such as solvent, temperature level, pressure, mixing
conditions, presence of impurities or additives and the seeding parameters might have an
influence on the crystallization of polymorphic forms [Chell, Lou08]. Another problem
related with polymorphism is, once the desired polymorph is obtained by the crystallization
procedure, it is necessary to prevent the transformation of the material to another
polymorphic form [Mye02]. The stability relationship between crystalline solid phases often
changes depending on the thermodynamic conditions (temperature, pressure,
concentration) from which the relative humidity of the environment can be one aspect
which has to be considered. The knowledge of mechanism of phase transformations is very
helpful in identifying the potential for such transitions and factors affecting their kinetics
[Sai09]. Typical solubility diagrams of monotropic and enantiotropic systems are shown in

Fig. 2-5.

@

concentration c
concentration ¢

Y

temperature T temperature T

Fig. 2-5: Solubility curves of a monotropic system (a) and an enantiotropic system with
metastable phases (b); I: polymorph form I, Il: polymorph form I, T,: transition point
[Mul01] (modified).

As can be seen in Fig. 2-5 a (monotropy) the polymorph form Il has the lower solubility and
therefore is more stable than form I. The two polymorphs are non-interconvertible over the
whole temperature range. In Fig. 2-5 b (enantiotropy) form Il is stable at temperatures
below the transition temperature (Tp). The transition temperature is the temperature at
which the solubility of both polymorphs are equal and at which the transition rate is zero. A
reversible transformation between these enantiotropic forms can be caused by temperature
changes. The thermodynamic shows the limits of a process, but not if we can reach this

limits and not which time is necessary to reach a specific area in the phase diagram. This is
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influenced by the kinetics. For enantiotropic related polymorphs an interconvention of
metastable phases (extensions of the solubility curves beyond the transformation point,
dashed line) might occur leading to the nucleation of the metastable phase due to faster
nucleation and/or growth rates. This shows the importance of kinetic factors which may
override thermodynamic considerations. The observation that rapidly cooled solutions first
deposit crystals of the less stable form, and not that which normally crystallizes according to

thermodynamics, is described by the Ostwald’s rule [Mul01].

3. Process Analytical Technology (PAT)

3.1 Importance for the pharmaceutical industry

The Food and Drug Administration’s (FDA) Process Analytical Technology (PAT) initiative
(founded 2004) represent the basis of the Good Manufacturing Practice (GMP) rules in the
pharmaceutical industry [Beell]. The major incentive behind the PAT initiative of the FDA is
defined in the FDA Guidance: “PAT — A Framework for Innovative Pharmaceutical
Development, Manufacturing and Quality Assurance” [Fda04]. Since the pharmaceutical
industry is highly regulated, the products must meet high quality specifications, such as
chemical and polymorph purity, particle size (distribution) or particle shape. This quality
attributes affect the physical (dissolution rate, solubility) and chemical (reactivity) properties
of the produced materials but also have an influence on downstream operations (e.g.
filtration, drying). Hence, achieving the desired crystalline product quality consistently is
essential for the pharmaceutical industry. One of the most important statements within the
PAT concept is that “quality should not be tested into products, but it should be built in by
design”. The PAT initiative emphasized the development and use of novel technologies as a
tool to analyze, control and to improve processes in order to prevent the risk of producing
products of poor quality. This PAT recommendation is valid also for other and related
branches of industry, such as biotechnology, the food industry, as well as the chemical
industry [Fda04, Kan12].

The FDA defines PAT as [Bal03, Fda04]:

e a system for the analysis and control of manufacturing processes based on timely
measurements of critical quality parameters and performance attributes of raw
materials and in-process materials

e a process to ensure acceptable end-product quality at the completion of the

processing
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FDA also states that PAT involves [Bal03, Fda04]:

e the application of Process Analytical Technology (PAT) tools

e product and process optimization

e multivariate data analysis and information management tools
e feedback process-control strategies

e strategies for the manufacture of pharmaceuticals

3.2 Critical variables in crystallization processes

The measurement of critical process and product parameters is essential for process
analysis, monitoring, understanding, optimization and control. A critical process or product
parameter is a measurable independent value which predominantly influences the process
or product quality [Kan12]. As far as the crystallization step is concerned, the control
objectives (critical product parameters) defining the quality of the end products are the
particle size, the particle size distribution (PSD), the crystal shape, the polymorphic form
and the crystal purity [Kal12]. All these variables have an influence either on the solubility
and the dissolution rate (bioavailability, pharmaceutical effect) of the drug and/or on
downstream processes (filtration, drying). In general fine and/or needle shaped particles
show bad filtration behavior. Fine particles, furthermore, have a high surface area, which
increases the probability for impurities to be on the surface [Lio04]. In comparison, large
crystal with a narrow size distribution are usually required to improve the filterability, crystal

purity and the storage behavior of the crystalline product [Kal12].

An important critical process parameter which influences the resulting product quality
(critical product parameters) is the supersaturation. It is the driving force of any
crystallization process. Rates of nucleation, growth and agglomeration and as consequence
the crystal morphology, the PSD, and purity are a complex function of supersaturation.
Controlling the product properties implies manipulating the supersaturation to achieve a

favorable balance between nucleation, growth and agglomeration rates [Kal12].

The interaction between the crystallization step and the following product processing steps
(e.g. filtration, drying) is crucial for the overall performance of the production process. In
practice, a combined control of these objectives is required as it is often desired to achieve
both an acceptable efficiency of the production process (processing time, yield) and the

required product characteristics [Kal12].

3.3 Sensor technologies for crystallization processes (PAT tools)

Process analyzers are the essential PAT tools for real-time process monitoring and control as

they supply the data from which relevant process and product information and conclusions
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are extracted. Available tools can be distinguished between those that predominantly take
univariate process measurements (such as ultrasound, turbidity, pH, temperature or
pressure) to those that provide multivariate information related to physical and chemical

attributes of the investigated materials (such as Raman-, NIR-, MIR- or UV-VIS spectroscopy).

In a PAT environment, real-time process measurements can be distinguished by the location
of the PAT tool [Beell, Fda04, Kes06]:

e qt-line measurements: the sample is removed, isolated and analyzed in close

proximity to the process stream

e on-line measurements: the sample is diverted from the manufacturing process and

may be returned to the process stream (bypass); conditioning of the sample possible

e in-line measurements: the sample is not removed from the process stream;
conditioning of the sample NOT possible; in the literature the word on-line is often

used as synonym for in-line

For non-PAT conditions also off-line measurements can be applied. For this kind of analysis
the sample is removed and has to be analyzed in the laboratory at a separate site. Off-line as
well as at-line measurements, however, lead to time delays for analysis, to statistical (no
representative sample) and physical (material changes) sampling errors. Therefore, non-
invasive sensors are the most desirable technology to analyze and control critical process
parameters as described in section 3.2 [Lio04]. Crystallization is a multiphase system.
Therefore, information on both phases, the solid and the liquid phase, have to be
considered. Generally, devices can be distinguished which track parameters of the solid
phase or the liquid phase. Tab. 3-1 and Tab. 3-2 show an overview of commonly applied PAT
tools to monitor crystallization processes. Detailed information on the measurement

principle are given in the listed references.

Abbreviations for Tab. 3-1 and Tab. 3-2 as follows: Function of temperature (F(T)) and of
solid particle concentration (F(S)), particle size (d), suspension density (SD), yes (Y), no (N),
Focused Beam Reflectance Measurement (FBRM), Optical Reflectance Measurement (ORM),
Advanced Particle Analyzing System (APAS), Metastable Zone Width (MZW).
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Tab. 3-1: Commonly used PAT tools for crystallization processes to analyze the solid phase.
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FBRM, ORM, Suspensions with Chord length MZW; N|[Y N No direct Laser
APAS suitable optical (distribution) or Nucleation and information on backreflection
properties of Particle Surface growth kinetics; particle sizes (chord [Sch12]
particles and Area (distribution); Seeding events; length or surface
solvent; Particle shape and Polymorph transitions; areas, length/area
SD: < 80 wt% roughness (only Improved weighted
d: 0.5-2000 pm APAS) [Hel13c]; downstream distributions);
[Seq13] Particle number processing Errors by bubbles
Inline Suspensions Particle size; MZW; N|Y| N High precision Image analysis
microscopy SD: < 40 wt% Particle shape and Nucleation and requires large [Kra12]
d: 2-1000 pm roughness growth kinetics; images; Limited
[Met13] or Seeding events application for wide
3-500 um Polymorph transitions size distribution;
[Mer09] Limited speed of
particles to acquire
a sharp image
[Mer09]
Raman Suspensions; Polymorphic form; MZW; Y | Y| (Y) | Florescence (hiding Inelastic
spectroscopy | Protection against | Concentration Polymorphic form and Raman features) at scattering of
light [Hel13a] phase changes; high laser powers incident light
. solvate formation; - | [Neill]; [Cor12]
Special feature: ) Desolvation; T | Influence of d, SD
non-contact optic Polymorphic ﬁ on the signal quality
(amorphous) content E caused by sampling
g | errors [Hel13a];
Z | Safety concerns
Turbidity Suspensions Presence of MzZW; Y|Y| N Influence of d, Backscattering of
particles; Polymorphic form and (Y) | particle shape and light
(Mean particle size, phase changes roughness on the (nephelometry)
particle number) signal quality or light
[Har09] weakness
(turbidimetry)
[Chi12a]
[Chi12b]
Ultrasound Suspensions Particle number; MZW; Y|Y Y Errors by bubbles, Ultrasound
attenuation d: 0.01-3000 pm Particle size Nucleation and Long measurement velocity and
spectroscopy | [Mer09] /0.01- (distribution, growth kinetics; time (1-10 min) attenuation at a
1000 um [Mou03] | volume-weighted) Seeding events; [Mer09] series of
SD: 0.5-70 vol% Phase transitions frequencies
[Mer09] / 0.1- [Sco08]
50 vol% [Mou03]
Ultrasound Suspensions Particle number; MZW; Y|Y Y Limited application Measurement of
(single d: 100-800 um Mean particle size Nucleation and for high molecular velocity and
frequency) SD: 5-30 wt% [Per1l] growth kinetics; APIs with low SD, d attenuation of a
Seeding events; andc; low-frequency
Phase transitions Errors by bubbles sound wave
[Ulr12]
NIR Suspensions Mean particle size; MZW; Y|Y Y Low chemical Absorption in
spectroscopy Particle number; Impurity monitoring selectivity (broad, the NIR region,

Distinction of
polymorphs

overlapping bands)
[Bon11]

excitation of
molecule
vibrations by
light [Abe08,
Kad10]
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Tab. 3-2: Commonly used PAT tools for crystallization processes to analyze the liquid phase.
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Ultrasound Solutions or Concentration MzZW, YIY]|Y Limited application Measurement
(single suspensions (also [Oma99a] Nucleation and for high molecular of ultrasound
frequency) opaque samples) growth kinetics, APIs with low SD, d velocity and
Seeding events, and ¢; attenuation of a
Adeq.uate .change Detection of phase Errors by bubbles; low-frequency
of adlabat'lc' . transitions Particles passing the sound wave
compressibility protected sensor [Uir12]
and density
Special feature:
protected sensor
for concentration
measurement
(ATR-) NIR Clear solutions Concentration MZW, Y|Y]|Y Low chemical Absorption in
spectroscopy | without particles Impurity Monitoring, selectivity (broad, the NIR region,
(transflexion or Nucleation and overlapping bands) excitation of
transmission growth kinetics, [Bon11] molecule
probe) or . vibrations by
solutions and Influence of partlcles light
suspensions (ATR (for trapsflexmn or [Abe08, Kad10]
probe) transmission probe)
ATR-MIR Solutions or Concentration Solubility curve, Y| N|Y Atmospheric Absorption in
spectroscopy | suspensions Co-Crystal Formation, Intrusion [Abe08] the MIR region,
Polymorph X excitation of
transformation, Strong |nf|uencg of molecule
Impurity Monitoring, the Igendmg radlus of vibrations by
Nucleation and the f{ber optics on light
growth kinetics, the signal [Hel13b] Lin12
Limited application
for aqueous solutions
(ATR-) UV-Vis | Clear solutions Concentration MZW, Y|Y]|Y Influence of particles Absorption in
spectroscopy | without particles Impurity Monitoring ° (for transmission the
(transmission and 2 probe) UV-Vis region,
probe) or Nucleation and s excitation of
solutions and growth kinetics (ATR E electrons from
suspensions (ATR probe) 5 atoms by light
probe) % [zhal1]
z

As can be seen in Tab. 3-1 various techniques are available to monitor solid phase properties

as for instance the polymorphic form or the particle size. Raman spectroscopy is a type of

vibrational spectroscopy, producing similar information to MIR spectroscopy. But unlike mid

infrared (MIR) spectroscopy, Raman is well suited to monitor the solid phase in slurries,

including those containing water. MIR is essentially blinded by waters strong IR absorption,

but water is only a weak Raman scatterer [Kail3]. Raman and MIR spectroscopy are

complementary techniques. In general, Raman spectroscopy is best at symmetric vibrations

of non-polar groups while IR spectroscopy is best at the asymmetric vibrations of polar

groups [Larll]. Raman spectroscopy is a non-destructive technique providing a quick
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analysis of untreated samples. In comparison to NIR spectroscopy, Raman spectroscopy
presents well resolved peaks. Thus, the interpretation of Raman data is easer and does not

require necessarily a chemometric method [Arm12].

In addition to information on the solid phase, liquid phase information is necessary and
beneficial. The monitoring and control of supersaturation (concentration) can provide an
optimal path to the final product quality, such as the PSD. Additionally, to the methods
tracking the liquid phase, shown in Tab. 3-2, several univariate techniques have been
reported in the past to monitor the concentration (supersaturation). They are based on the
measurement of properties such as the refractive index, the conductivity of the solution, the
density of the liquid phase or the pH of the solution. In comparison, to other techniques and
to multivariate process measurement analysis these techniques have several limitations
concerning the application to crystallization processes. The application of conductivity, for
instance, is restricted to conducting solvents. Most of the organic solvents, used in the
pharmaceutical industry, however, are non-conducting. The measurement of density at
industrial scales is still not widely accepted since it is sensitive to particles, impurities and

temperature changes [Kad10].

The attenuated total reflectance mid infrared (ATR-MIR) spectroscopy, the near infrared
(NIR) spectroscopy and the ultraviolet visible (UV-Vis) spectroscopy are the most common
techniques applied for on-line and in-line concentration measurements during crystallization
processes. The spectroscopic techniques are non-destructive and fast. Since complex
chemical information are available from the recorded spectra, effects such as chemical
reactions and transformations and the presence of impurities can be monitored in addition
to the concentration measurement [Kad10]. The accuracy of the concentration
measurement depends strongly on the properties of the used compound and solvent, on the
calibration model and on the devices used to record the data. Furthermore, water vapor and
carbon dioxide in the optical conduit of an ATR-MIR spectrometer are known to influence
the measurement sensitivity. In comparison to NIR spectra, ATR-MIR spectra show greater
chemical selectivity in terms of sharp and separated peaks resulting from specific functional
groups. Since MIR is strongly attenuated by most materials and cannot penetrate into the
sample, a special surface reflection probe must be utilized [Kail3]. The application of
ultrasound (OCM device) has the advantage to provide information on the liquid phase
(protected sensor) and simultaneously on the solid phase (unprotected sensor). Therefore,
in addition to the information on supersaturation e.g. seeding events can be tracked by an

increase of attenuation detected by the unprotected ultrasound sensor.
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4. Aim of the Work

The previous sections 2 and 3 showed the actual state of the art concerning crystallization
and the use of PAT. In recent years a huge number of papers, books and reviews were
published with regard to the application of the PAT tools at laboratory scale to monitor and
understand industrial processes [Bor09, Cai06, Chil2a, Cor08, Engll, Fuj02, Gla04, Hei08,
Oma99a, Perll, Ulr12]. Since the scale up from laboratory to industrial scales is challenging
(e.g. due to mixing and heat transfer effects), the application of such techniques is not only
preferable in the lab but also at higher scales. In industrial practice, however, only recently
some in situ sensors were applied at pilot plant or industrial scales. Therefore, only few
publications describe the implementation of these tools at industrial level [Kad11, Wirl3,
Fet13b, Hell3a, Hell3b]. Furthermore, almost no information is given in the literature,
which limitations and problems can occur during applications in industrial scales. This shows
the need for further investigations concerning the implementation and use of PAT tools at
pilot or industrial level. The sensitivities, strengths and weaknesses of these different
measurement techniques have to be compared to facilitate the selection of suitable PAT

tools for process design and scale-up.

The thesis aims the strategic selection and application of PAT tools for pharmaceutical

compounds at laboratory scale which are beneficial for:
e arapid development and understanding of crystallization processes and
e afast transferability of the selected techniques to higher scales (pilot plant).

By the investigation of twelve pharmaceutical model compounds with seven different
measurement techniques (solid and liquid phase) recommendations for the selection of PAT
tools and practical consequences should be identified. Furthermore, realistic expectations
for online analytical measurement techniques should be shown in order to eliminate
unrealistic positive and negative expectations. Basically, measurement techniques which can
be applied in the lab are usable at industrial scales as well. The environment at industrial
level, however, is characterized by rougher measurement conditions. Therefore, it has to be
investigated, to what extent the robustness of the measurement techniques and the

calibration methods enable a direct transferability from laboratory to higher scales.

To achieve this research objective, the following sub-goals were defined and analyzed by

practical work as well as by a literature search:

e Which parameters are necessary to be known and important for the pharmaceutical

industry (critical process and product parameters)?
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e Which information content can be derived from the different measurement

techniques?

e Which limitations are present for the different measuring methods concerning their
application for pharmaceutical compounds which often have a high molecular weight

and typically have low solubilities and small particle sizes?

e Which time effort for evaluation of data and for calibration model building is needed

(establishing new software)?

e Can PAT tools used in the lab, also be applied in pilot plant reaction vessels? How can
they be integrated without time and cost intensive modifications in the existing

setups?

e Is there a possibility to transfer the calibrations models developed for lab scale

applications directly to a pilot plant or industrial scale?

e Are there problems during the application of PAT tools in the pilot plant which are

not present for the laboratory scale and how can the problems be solved?

The accomplishment of these points is described through the following.
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5. Materials, Methods and Procedures

5.1 Materials

The used materials are most often pharmaceutical model compounds with different physical

and chemical properties. The molecule weight ranges from 75 g/mol (small molecules) up to

> 500 g/mol (large molecules). Most of the pharmaceuticals exhibit polymorphism. Tab. 5-1

shows an overview of the examined materials and solvents. The used ethanol and methanol
(99.8 %, 1 % MEK) was purchased from Carl Roth GmbH + Co. KG. For citric acid absolute

ethanol (undenatured) obtained from Merck KGaA (Darmstadt, Germany) was used.

Chemical purity of Paracetamol was determined by HPLC (99.0 area-%). As a non-

pharmaceutical compound Ammonium sulphate was used, purchased from SKW Piesteritz.

Tab. 5-1: Overview of the used pharmaceutical materials and their properties, Abbreviation
as follows: molecular weight (MW), ethanol (EtOH), methanol (MeOH), water (H,0).

Substance (acronym); Supplier Formula MwW Solvent Polymorphs Effect/application
IUPAC name [g/mol]
Acetylsalicylic acid (ASA); | Sigma-Aldrich 0. _on | 180.2 EtOH 2 (1, 11); Analgesic,
2-(acetyloxy)benzoic acid [Dru13] Desired, stable: antipyretic,
Hit ~Nr form [; antirheumatic and
o Form Il = co- anti-inflammatory
[Dru13] crystal, MeCN agent [Drul3]
[Bon07]
Artemesinic acid (AA); Sanofi-Aventis H, 234.3 70 wt% No polymorphs Basic chemical to
2-[(1R,4R,4aS,8aR)-4,7- Deutschland GmbH Y [Che13] MeOH/H,0 | found in the produce
Dimethyl- literature artemesinin, used
1,2,3,4,43,5,6,8a- - H, for the treatment
octahydro-1- % of malaria [Fel12]
L H;
naphthalenyl]acrylic acid OH
[Chel3]
Carbamazepine (CBZ); Sigma-Aldrich — 236.3 80 wt% 4 (LILILIV), Anticonvulsants,
2-azatricyclo [Dru13] EtOH/H,0 hydrate, analgesics,
[9.4.0.07{3,8}] - solvates; antimanic agent
pentadeca- PS Desired, stable [Dru13]
1(11),3(8),4,6,9,12,14- HNT o (RT): form 11l
heptaene-2-carboxamide [Dru13] [Har05]
Citric acid (CA); Carl Roth GmbH + Co. 192.1 H,0; 10, No polymorphs; | Key intermediate in
2-hydroxypropane-1,2,3- KG [Dru13] 20, 70 vol% | anhydrate, metabolism, acid in
tricarboxylic acid EtOH/H,0 hydrate [Hel12] | fruits,
. anticoagulants,
chelating agents
[Dru13]
[Dru13]
Glycine (GLY); Sigma-Aldrich HO 75.0 H,0 3(a, B, V); Fast inhibitory
2-aminoacetic acid \H/\\H.‘ [Dru13] Desired, stable neurotransmitter,
0 (RT): y-form dietary
[Dru13] [Per01] supplement,

micronutrient, non-
essential amino
acid [Drul3]
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Ibuprofen (IBU); Sigma-Aldrich 0 206.3 EtOH 2(1,11); Anti-inflammatory
2-[4-(2 methylpropyl) 3H [Dru13] Desired, stable agent,
phenyl]propanoic acid (RT): form | cyclooxygenase
[Dud08] inhibitor,
analgesics,
antipyretics
2¢H [Drui3]
HD
[Dru13]
Irbesartan (IRB); Sanofi-Aventis Wt f’\} 428.5 EtOH 2 (A, B); Treatment of
2-butyl-3-({4-[2-(2H- Deutschland GmbH o J:f — [Dru13] Desired: form A; | hypertension,
1,2,3,4-tetrazol-5- Stable: form B antihypertensive
yl)phenyl]phenyl}methyl)- [Del12] agent, angiotensin
1,3-diazaspiro[4.4]non-1- 4 J_f““ Il receptor
en-4-one ’-‘ 1 antagonist,
T angiotensin Il
/ receptor blocker
[Dru13] [Drui3]
L-glutamic acid (LGA); Sigma-Aldrich 147.1 H,0 2 (a, B); Dietary
(2S)-2-aminopentanedioic [Dru13] Desired: a form; | supplement,
acid Stable: g form micronutrient, non-
[Kit89] essential amino
acid [Drul3]
HO 0
[Dru13]
Paracetamol (PA); Atabay ilag Fabrikasi CHy 151.2 20 wt% 2 (1, h); Analegsics,
N-(4-hydroxyphenyl) A.S (Istanbul, Turkey) [Drui3] EtOH/H,0 Desired: form II; | antipyretics
acetamide Hi o Stable: form | [Dru13]
[Kac07]
OH
[Drui13]
SAR114137 ; 6-Azaspiro Sanofi-Aventis [Fet13a] 354.4 33 vol% 6 (1-6); Cathepsin S/K
[2.5]octane-6-carboxylic Deutschland GmbH [Fet13a] EtOH/H,0 Desired, stable: inhibitor,
acid [(S)-1-(1-cyano- (Substance under % form 1 [Fetl3a] | treatment of
cyclopropylcarbamoyl)- development) 2 chronic
3,3-difluorobutyl]-amide ):o neuropathic,
- inflammatory,
oﬂ" joint pain [Fet13a]
X "
SAR474832 ; 4-{4-[3- Sanofi-Aventis [Fet11] 569.6 H,0 6 ( 1-6) hydrates | Selective low
((2S,3R,4R,5S,6R)-5- Deutschland GmbH [Fet11] + solvate; absorption sodium
Fluoro-3,4-dihydroxy-6- (Substance under z i . Desired, stable: dependent glucose
hydroxymethyltetrahydro- | development) ez J’/ L z form 1 (non- transporter
pyran-2-yloxy)-5- ‘ 2\%0 o7 stoichiometric inhibitor,
isopropyl-1H-pyrazol-4- T ) hydrate) [Fet11] | treatment of type 2
ylmethyl]-phenyl}-N-[2- /:\/ Diabetes
hydroxy-1,1bis 2 /
(hydroxymethyl)-ethyl]-
butyramide g‘o
=
Jd \g
= 9
SAROO; - Sanofi-Aventis - >500.0 95 vol% - -
Deutschland GmbH EtOH / H,0

(Substance under
development)
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5.2 Methods
5.2.1 Inline/online measurement techniques

5.2.1.1 Ultrasound

The ultrasound velocity, attenuation and temperature were analyzed using a LiquiSonic
50/30 sensor (SensoTech GmbH, Magdeburg, Germany) (used for MZW determination,
calibration of concentration) or a LiquiSonic OCM device (SensoTech GmbH, Magdeburg,
Germany) (used to test the application of the protected sensor with the model compound
ammonium sulphate). The OCM device is based on the LiquiSonic 50 probe and has in
addition a crystallization adapter, which prevents the measurement stretch against particles
(protected ultrasound sensor). By means of the protected sensor the liquid phase can be
measured. Only dust and abrasion particles with a size smaller than the mesh are able to
pass. The second sensor is not protected by a sieve and enables to measure the solid phase.
More information on the ultrasound devices, the measurement conditions and used

software is given in the appendix (section 14.1) and by SensoTech [Sen13].

5.2.1.2 Spectroscopic methods

ATR-MIR spectroscopy of liguids and suspensions

The spectra were recorded on a Fourier transform (FT)-IR spectrometer Matrix-MF
manufactured by Bruker Optic GmbH (Ettlingen, Germany) equipped with an IN350-T
diamond fiber ATR-probe (shaft made from molybdenum). Information on data acquisition

and used software can be observed in the appendix (section 14.2).

Dispersive Raman spectroscopy

Raman spectroscopic measurements on suspensions and solutions were performed in 180 °
backscattering geometry on a dispersive Raman system (RXN1 Workstation, Kaiser Optical
Systems, Ann Arbor, Michigan) equipped with a 785 nm laser diode (laser power: 400 mW,)
and a half-inch MR-immersion probe (laser spot size 150 um). Information on data

acquisition, used software and laser calibration is given in the appendix (section 14.3).

NIR spectroscopy

NIR spectra were recorded on a Matrix-F FT-NIR spectrometer (Bruker Optik GmbH)
equipped with a transflection probe head. Information on data acquisition and used

software is given in the appendix (section 14.4).

UV-Vis Spectroscopy

UV-Vis spectra were recorded on an AvaSpec-3648-USB2-UA-25 spectrometer (Avantes)
equipped with a DAVA Avalight-DHc deuterium-halogen light source and a DAVA FCR-
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7UV200-2-45-ME transmission probe. Information on data acquisition and used software is

given in the appendix (section 14.5).

5.2.1.3 Turbidity measurement techniques

Tubidimetric and nephelopmetric measurements were either performed with a turbidity
probe Trb8300 from Mettler Toledo (Switzerland) or using the Crystall6 multiple reactor
system from Avantium (Amsterdam, Netherlands) or the STEM Integrity 10 Reaction Station
(Electrothermal, United Kingdom). Information on data acquisition is given in the

appendix (section 14.6).

5.2.1.4 Optical reflectance measurement

The optical reflectance measurements were performed using the Advanced Particle
Analyzing System (APAS) with Multi Capture Signal Technology (MCST) (Sequip S&E GmbH,
Germany) (sensor name: APAS 14). Further information on the system is given in the
appendix (section 14.7). The measurement principle for this advanced technique is
described in detail in [Hel13c].

5.2.2 Offline measurement techniques

ATR-FT-MIR (FT-IR) spectroscopy of solids

Reference spectra of the used materials were acquired on a FTS 1000 ATR-FT-MIR
spectrometer from Varian (Agilent Technologies Inc., Palo Alto, USA). The spectra of the
powders were collected in a spectral range between 650 cm™ and 4000 cm™ using a spectral

. -1
resolution of 4 cm™ and a scan number of 20.

Hotstage Raman spectroscopy

Raman spectroscopic measurements of the solids were performed in 180 ° backscattering
geometry on a dispersive Raman system (RXN1 Workstation, Kaiser Optical Systems, Ann
Arbor, Michigan) equipped with a 785 nm laser diode (laser power: 400 mW) and a PIAT
probe (laser spot size 6 mm). The experimental setup for the hotstage Raman spectroscopic
measurements is presented by Feth et al. [Fetll]. Further information on the system and

the hotstage measurements can be observed in the appendix (section 14.3).

X-Ray Powder Diffraction (XRPD)

The X-ray diffraction patterns were collected on a Bruker D4 Endeavor diffractometer using
Cu Kal (A = 1.5405 A) radiation.

Measurements in capillary mode were made on a STOE STADI P transmission diffractometer
(STOE & Cie GmbH, Darmstadt, Germany) using Cu Kal radiation, to analyze the purity of the

produced a-LGA polymorphic form used for the Raman calibration. The purity was calculated
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from the measured XRPD pattern using a convolution based profile fitting algorithm (Rietfeld
refinement) available in the Diffracplus Topas software (Bruker Optik GmbH), based on
crystallographic information (released lattice parameters and fixed atomic coordinates)
[Cam12].

Further information on data acquisition and used software is given in the appendix
(section 14.8).

SEM

SEM pictures were acquired on a Hitachi table microscope TM-1000 (Hitachi High
Technologies Europe GmbH, Krefeld, Germany). For the SEM measurements all samples
were coated with gold using SCD 055 sputter coater from Bal-TEC (Leica Mikrosysteme

GmbH, Wetzlar, Germany).

Optical microscopy

Optical microscopy was used to assess the particle size and shape/morphology of the APIs.
The analyses were performed with an OLYMPUS BX 51 polarization microscope and

documented with the analySIS software from OLYMPUS.

Laser diffraction

The volume-weighted particle diameters d90 were determined by a laser diffractometer
Mastersizer 2000 equipped with a Hydro 2000S (A) dispersion accessory from Malvern
Instruments GmbH (Herrenberg, Germany). Information on data acquisition and the used

method can be seen in the appendix (section 14.9).

Density meter

To analyze the density of solutions/suspensions a density meter (DE40) from Mettler Toledo,

(Giessen, Germany) was used.
5.3 Experimental procedures

5.3.1.1 Ultrasound

Determination of MZW

Suspensions of known concentrations were heated using a rate of 10 K/h (except for CA,
5K/h) in the lab or a rate of 15 K/h in the pilot plant until all crystals were dissolved and

subsequently cooled down using the same rate until nucleation occurred.

Determination of concentrations and construction of a calibration curve (liquid phase)

To determine the concentration of the model compounds a calibration model was

developed as follows at first in the lab and subsequently in the pilot plant. Specific amounts
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of the substance and the solvent were weighed (total volume in the lab 200 mL and in the
pilot plant 150-170 L) and heated up until everything was dissolved and then cooled down
again with a rate 10 K/h (lab) or 6-10 K/h (pilot plant) until nucleation occurred. During the
cooling cycle the ultrasound velocities as well as the temperatures were measured in
dependency of the used concentrations. It should be noted that to build the calibration
model only the velocity and temperature data were taken which were measured without the
presence of particles. In comparison to the experiment performed in the lab, the calibration
samples in the pilot plant were not prepared independently, but by stepwise addition of
solid material to the solution with the lower concentration. After crystal addition the
solution was heated up to the maximum calibration temperature and was stirred for 15 min
in order to dissolve the material completely. The used concentration data to build the
calibration models for Acetylsalicylic acid, L-glutamic acid and Paracetamol in the lab and

pilot plant are shown in the appendix (section 14.11).

Application of the protected ultrasound sensor

A saturated solution of ammonium sulphate in water was prepared at 20 °C. Subsequently,
the ultrasound velocity and attenuation was measured with the protected and unprotected
sensor (OCM device). In order to analyze the effect of particles, two different mesh sizes
were tested as cover for the protected sensor (35um and 150 um). The heating of the cage
was switched off. Sieved particles with a size of 200-400 um were added to the saturated
solution and a suspension density of 5wt% was produced. In order to investigate the
protective effect of the covered sensor, the measurement results of the protected and the

protected sensor were compared.

In a second experiment a solution with a concentration of 44.75 wt% ammonium sulphate in
water (solubility temperature 40 °C, according to Buchfink [Bucll]) was prepared and
completely dissolved by heating up to a temperature of 45 °C. Subsequently, the
measurement was started and the temperature was kept constant for 1 hour. The clear
solution was cooled down with a rate of 10 K/h to approximately 10 °C in order to initiate

spontaneous nucleation.

Experimental setup

The experiments in the lab were performed in a 300 mL double-jacketed glass crystallizer
(filling volume 200 mL). Stirring was provided by a magnetic stirrer bar with a diameter of
3cm and a stirring rate of 500 rpm. An external thermostat was used to control the

temperature. The experimental setup is shown in Fig. 5-1.
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Fig. 5-1: Experimental setup with ultrasound device at lab scale.

The pilot plant experiments were performed in a conical bottom reactor using an anchor
stirrer with a stirrer speed of 80 rpm at a reactor filling volume of 150-170 L. In addition to
the ultrasound sensor, ATR-MIR-, Raman- and UV-Vis spectroscopy were used in order to
extract information on the liquid phase or to monitor solubility and nucleation points. From
Fig. 5-2 it can be seen that the probe is not integrated directly inside the reactor, but in an
access unit (VARINLINE) purchased by GEA Group Aktiengesellschaft (Dusseldorf, Germany),
which is connected to the pipes of the loop via commercially available flange connections. A
photographic image of the access units and the integrated sensor is shown in the appendix
(section 14.10). This setup allowed the continuous circulation of the solution or suspension.
A diaphragm pump AD 25-TTT-K (Almatec Maschinenbau GmbH (Kamp-Lintfort, Germany)

with a maximum flow rate of 6000 L/h was used.

~

Temperature probe

Raman and
ATR-MIR

UV-Vis

Ultrasound

9

Pump

Fig. 5-2: Experimental setup with ultrasound device at pilot plant scale.

5.3.1.2 Turbidity

To verify the MZW results derived by the ultrasound technique turbidity measurement was

performed using either the Trb 8300 probe (Mettler Toledo, Switzerland), the Crystall6
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multiple reactor system (Avantium, Netherlands) or the STEM Integrity 10 Reaction Station

(Electrothermal, United Kingdom).

Trb 8300 probe (Mettler Toledo, Switzerland)

The inline measurements were performed in accordance to the procedure and the

experimental setup presented in section 5.3.1.1 (ultrasound — MZW).

Crystall6 multiple reactor system (Avantium, Netherlands)

Batch cooling crystallization experiments were performed in 1000 mg scale with a magnetic
stirrer at 700 rpm in a multiple reactor setup applying the same cooling rate as for the
ultrasound measurements. Before starting the measurement a background measurement
was performed using the solvent without solute (tuning step). The setup consists of 16 glass
reactors (HPLC vials) which can be stirred, heated and cooled independently. Each vessel is
equipped with a turbidity measurement cell (nhon-contact measurement). In order to prevent
condensation of water on the reactor the Crystall6 system provides an inlet for a dry purge

gas (nitrogen).

STEM Integrity 10 Reaction Station (Electrothermal, United Kingdom)

Batch cooling crystallization experiments were performed at a scale of 15-20 mL and a
cooling/heating rate of 10 K/h. Stirring was performed with a magnetic stirrer at a speed of
700-1000 rpm. A small in-situ IR probe (Part code - ATS10230) and a temperature sensor
were integrated in the reactor (inline). The STEM reaction station enables to conduct ten
different reactions simultaneously. The temperatures and stirring speeds can be regulated

independently. The experimental setup of the device is shown in Fig. 5-3.

IR Probe

. IR Unit

L e
Integrity 10
reaction station Unit

Laptop/PC

Fig. 5-3: Experimental setup of the STEM Integrity 10 reaction station (Electrothermal) used
to perform turbidity measurements [Mao12].

5.3.1.3 UV-Vis spectroscopy

The experiments were performed at a scale of 200 mL. Stirring was performed with an
impeller stirrer and a rate of 200 rpm. In addition to the UV-Vis probe a turbidity sensor (Trb

8300) and partly a Raman sensor were applied in order to compare the generated results of
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the different measurement techniques. The experimental conditions and the used sensors
are shown in Tab. 5-2. The experimental setup can be observed in Fig. 5-4. The reactor was

protected against light with aluminum foil.

Tab. 5-2: Experimental conditions and applied probes to analyze the MZW of different
pharmaceutical compounds.

Acetylsalicylic acid

UV-Vis (2x2 mm), Trb 8300

30.0 g/100g, 5K/h, 250 rpm

SAROO

UV-Vis (2x2 mm), Trb 8300, Raman

6.4 g/100g, 15 K/h, 250 rpm

SARO0O

Substance Sensors Conditions:
(size of the measurement stretch) | concentration, cooling rate, stirring speed

Paracetamol UV-Vis (2x2 mm), Raman 11.1 g/100g, 12 K/h, 250 rpm
Paracetamol UV-Vis (2x2 mm), Trb 8300 6.3 g/100g, 12 K/h, 250 rpm
SAR114137 UV-Vis (2x2 mm), Trb 8300, Raman 6.0 g/100g, 15 K/h, 250 rpm
Irbesartan UV-Vis (2x2 mm), Trb 8300, Raman 4.0 g/100g, 12 K/h, 250 rpm
Irbesartan UV-Vis (2x2 mm), Trb 8300 3.4 g/100g, 12 K/h, 250 rpm
Acetylsalicylicacid | UV-Vis (2x2 mm), Trb 8300 25.0 g/100g, 5 K/h, 250 rpm

),

),

),

UV-Vis (2x2 mm), Trb 8300 5.5 g/100g, 15 K/h, 250 rpm

UV-Vis

j,.l::LE Raman

Temperature
Trb 8300

Fig. 5-4: Experimental setup for the determination of MZW by UV-Vis-, Raman spectroscopy
and turbidity at a scale of 200 mL.

5.3.1.4 ATR-MIR spectroscopy

Determination of solubility of (compound: PA)

A solution with a concentration of 10 g/100g Paracetamol was heated up in a laboratory
scale with a rate of 0.2 °C/min (from 25 to 48 °C) until everything is dissolved. From the

obtained spectra the solubility concentrations were predicted.

Determination of concentrations and construction of a calibration curve (compound: PA)

Different concentrations of Paracetamol in an ethanol/water mixture (20:80 w/w) in the
range from 1 to 12 wt% were analyzed in lab (with nitrogen purge through the
spectrometer) as well as in pilot plant (with and without nitrogen purge through the
spectrometer) to build calibration models. The operation procedure for the calibration
performed in the lab is shown in Tab. 5-3. Calibration data set Lab 1 was recorded in a
temperature range between 62 °C and 64 °C. A further independent concentration

calibration (data set Pilot plant 2) was carried out in a temperature range between 78°C and
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27 °C in order to compare the pseudo-isothermal with the temperature dependent
calibration. For this purpose step 4 and 5 (Tab. 5-3) were repeated several times and the
solutions were cooled to observe the temperature dependence of the recorded solution
spectra (results are seen in Fig. 6-25 in section 6.2.2.2). The calibration spectra were

recorded in clear solution before the occurrence of nucleation.

Tab. 5-3: Operation procedure for the calibration performed in the lab.

Step Procedure

1 Preparation of independent samples in round bottomed flasks under reflux until
perfect dissolution

Transfer of the sample into reactor equipped with MIR probe

Conditioning period of 20 min @ 65 °C

2
3
4 Cooling towards target temperature
5

Measurement in undersaturated, saturated and supersaturated solution before
occurrence of nucleation

The operation procedure for the calibrations performed in the pilot plant can be observed in
Tab. 5-4. Completion of the dissolution procedure was visually controlled by a sight glass in
the reactor pipes (see appendix: section 14.10). In addition to a pseudo-isothermal
calibration at 57-60 °C a multi-temperature calibration was carried out in the range between

78 °C and 58 °C. For this purpose step 3 and 4 (Tab. 5-4) were repeated several times.

Tab. 5-4: Operation procedure for the calibration performed in the pilot plant.

Step Procedure

1 Preparation of dependent samples directly inside the stirred tank by stepwise
addition of the required solid material starting from the most diluted solution

Conditioning period of 15 min @ 57-60 °C (data set 1&2) or 80 °C (data set 3)

Cooling towards target temperature

4 Measurement in undersaturated, saturated and supersaturated solution before
occurrence of nucleation

Based on 20 or 26 training samples and 8 or 5 test samples (Lab 1 or 2, respectively) two
separate Pl and PLS calibration models were developed at lab scale. For the pilot plant 20 or
14 or 20 training samples and 12 or 8 or 8 (Pilot plant 1 or 2 or 3) were used to build three
separate Pl and PLS calibration models. The used data pretreatments as well as the used
concentration data to build the calibration models are shown in Tab. 5-5 and Fig. 5-5. A data
table referring to Fig. 5-5 is given in the appendix (section 14.11). Resulting by the conditions
selected for data pretreatment, peak normalization was performed at 1045 cm™ (C-OH

vibrations of ethanol).
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Tab. 5-5: Data pretreatment performed in PEAXACT.

Model properties PLS* PI**

Data range 900-1590 cm™ 900-1590 cm™

Integration range - 1499-1528 cm™

Baseline correction Linear fit subtraction (Lab) Linear fit subtraction (Lab)
Offset subtraction (Pilot plant) Offset subtraction (Pilot plant)

Standardization Min-Max Standardization Min-Max Standardization

* PLS: Partial Least Square, ** PI: Peak Integration
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Paracetamol concentration / wt%

Fig. 5-5: Series of samples measured as input into the MIR calibration. Filled symbols:
training data, open symbols: test data. Triangles: lab data, circles: pilot plant data.

Crystal growth experiment, concentration measurement (compound PA)

A Paracetamol solution with a concentration of 11 g/100 g (10 wt%) was prepared in pilot
plant by dissolving the appropriate amount of crystals in an ethanol-water mixture at 50 °C.
The temperature of the solution was kept constant at 50 °C for 1 hour to ensure that all
crystals were dissolved. Subsequently, the solution was cooled down into the metastable
zone with a rate of 0.14 °C/min to 43 °C. At a temperature of 45 °C the seed crystals

(0.2 wt%) were added. Spectra were collected throughout the process every 47 s.

Experimental setup

To compare the applicability of the ATR-MIR spectroscopy at different scales the
measurements were performed at laboratory (300 g / 284 mL) and pilot plant scale (150 kg /
142 L). An overview of the experimental conditions is given in Tab. 5-6. The experimental

setup is shown in Fig. 5-6.
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Tab. 5-6: Overview of the experimental conditions in lab and pilot plant.

Lab calibration

Pilot Plant calibration Crystal growth

Scale 0.3L/0.3kg
Homogenization Impeller stirrer

@ 130 rpm
MIR probe Inline
installation

Seed addition -

142 L/ 150 kg 142 L/ 150 kg

Anchor stirrer
@ 80 rpm

Anchor stirrer
@80 rpm

Online Online
(circulation loop) (circulation loop)

- 0.2wt% @ 43 °C

A
Temperature
_ _\Q/
A [
< g
= = f,.’
|
b
B Vv
Temperature probe
C

7

Pump

N
7

(5=mr «—@

OPUS 6.5
(Process Acquisition Mode
and Data Vlsuallzatlon}

PEAXACT 3.0.11
(Data Pre-treatment,
PLS/PlIModel Building)

Concentration

value output
in real time

OPUS 6.5
(Process Acquisition Mode
and Data Visualization)

Predicted
concentration
value transfer

Raw Spectra
transfer

PEAXACT 3.0.11
(PLS or Pl Model Prediction)

Fig. 5-6: Experimental setup of MIR measurements at lab scale with a total reactor volume of
1L (A) and pilot plant scale with a total reactor volume of 165 L (B); real time prediction of
PA concentrations by a communication interface between OPUS and PEAXACT.

Based on a communication interface between OPUS (Bruker Optik GmbH) and PEAXACT (S-

PACT GmbH) the concentrations predicted from the pilot plant measurements were tracked

in real time. In the lab experiments, stirring was provided by a two-stage impeller stirrer with

a stirring speed of 130 rpm. The temperature was regulated by an external thermostat. The
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ATR-MIR probe was integrated into the reactor by a commercially available Swagelok
connection (inline measurement). The pilot plant experiments were performed using an
anchor stirrer with a stirrer speed of 80 rpm. In the appendix (section 14.10) it can be seen
that the MIR probe is not integrated directly inside the reactor, but connected to an Argus
transmission flow cell (Solvias, Basel Switzerland), which was connected to the pipes of the
loop via commercially available flange connections. This setup allowed the continuous
circulation of the solution or suspension. A diaphragm pump AD 25-TTT-K (Almatec
Maschinenbau GmbH (Kamp-Lintfort, Germany) with a maximum flow rate of 6000 L/h was

used.

5.3.1.5 Raman spectroscopy

Determination of measurement sensitivity using the compound CA

A saturated solution of citric acid was prepared at 24 °C. During the isothermal experiments,
defined amounts of different particle size ranges, separated by sieving, were added to the
saturated solution at a scale of 200 mL. Therefore, different suspension densities (0-30 wt%),
each with different particle sizes (<250, 250-500, 500-630 um), were observed by the Raman
sensor. The stirring rate was set to 250 rpm. In order to stabilize the particle flow and to
remove air bubbles after the crystal addition, a delay time up to 30 min was unfortunately
necessary before starting the next measurement. The experimental setup is in accordance to
that shown in Fig. 5-4 in section 5.3.1.3, only under application of the Raman sensor. The

reactor was protected against light with aluminum foil.

Production of a-LGA

The a-LGA was produced by a seeded cooling crystallization. A solution with a concentration
of 6.7g B-LGA in 100 g water was heated up to 95 °C until all solid was dissolved. The
temperature was held isothermal at 95 °C for 20 min in order to ensure that all particles are
dissolved. Afterwards the solution was cooled from 95 to 20 °C in 40 min. During the cooling
cycle alpha seed crystals were added at 65 °C (0.05 wt%). The seed material had an
approximately size of 800 um in maximum and was added as dry material next to the stirrer.
The produced alpha crystals were filtered and the polymorphic form was controlled by
XRPD, Raman-spectroscopy and by microscopic investigations. The production of the alpha
crystals was performed in lab and pilot plant scale. Since the conditions of temperature
regulation (response behavior, accuracy) are different in both cases the temperature profile
of the pilot plant differs slightly (cooling from 98-25 °C in 152 min; seeding temperature
80 °C). Stirring was provided with a rate of 300 rpm in the lab experiments and with a rate of

120 rpm in the pilot plant experiments. Additionally, to the Raman spectroscopic
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investigations NIR- and UV-Vis spectroscopy were applied during the measurements in the

pilot plant.

Calibration of polymorph content of LGA

Two different techniques were used to generate a representative calibration data set. First
of all the calibration by the off-line Raman measurements of binary solid mixtures of the
alpha and beta polymorph were performed. The mixtures were created by mixing in a
mortar for 5 min. A total of 19 binary mixtures were investigated. Each solid mixture was
measured twice. The prediction error of the calibration created from the dry mixture was
investigated by the measurement of 12 different test samples (different alpha and beta

charges; different polymorphic content than used for calibration).

During a second experiment the possibility was tested to perform a calibration directly in
suspension. For this purpose 8 suspension samples with different polymorph contents at a
suspension density from 3-4 g solid in 100 g solution were investigated by inline Raman
spectroscopy (MR probe head). A saturated solution was prepared at 24 °C. The used reactor
volume was 1 L (total reactor volume 2 L). Stirring was provided by a two-stage impeller
stirrer at 300 rpm. Immediately, after adding the required amount of solid particle mixture

to the saturated solution the Raman measurement was started.

The alpha content of the mixtures (measured as solids and in suspensions) was calculated
from the produced alpha purity and the amounts of samples used to prepare the mixtures.
The used data pretreatments to build the calibration model are shown in Tab. 5-7. The used
a-contents of the training and test samples used for the calibration are given in the

appendix (section 14.13).

Tab. 5-7: Raman calibration model data pretreatment for the model compound LGA.

Alpha Beta
Integration range 1070-1080 cm-1 790-810 cm™
Baseline Offset Offset
Baseline correction Linear fit subtraction Linear fit subtraction
Standardization Min-Max Standardization Min-Max Standardization

Polymorphic transformation of LGA

The polymorphic transformation experiments were performed according to a modified
method of Ono et al. [Ono04]. After the first step of the experiment (preparation of the a-
LGA crystals) the solution was kept for 20 min at 20 °C. Afterwards the solution was heated
up to 55 °C within 20 min and kept constant at this temperature until the polymorphic

transformation from the alpha to the beta form was complete. The polymorphic
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transformation was monitored by insitu Raman- and in addition NIR- and UV-Vis
spectroscopy. Furthermore, sampling and off-line measurements by XRPD and microscopy
were used to confirm the transformation process. The experiments were performed in lab
and pilot plant scale. As the possibilities of temperature regulation (response behavior,
accuracy) are different in the pilot plant in comparison to the lab the temperature profiles
differ slightly (heating from 25-52 °Cin 57 min).

Influence of process parameters on the Raman spectra (compound: LGA)

Four different process parameters were analyzed in order to investigate the influence on the
Raman spectra using the test compound LGA — the suspension density, the particle size,
temperature and the concentration. During all experiments stirring was provided with a rate
of 200 rpm.

To analyze different suspension densities a saturated solution of LGA was prepared at room
temperature by filtration. Subsequently, specific amounts of particles (B-LGA) of the original
unsieved material were added step by step to increase the suspension density from 0 wt% to
11 wt%.

To investigate the effect of particle size three different size fractions were produced by
cascade sieving. The particle size distribution was confirmed by laser diffraction
measurements. For each measurement a saturated solution of B-LGA was prepared at room
temperature and subsequently the particles were added to produce a suspension density of
3 wt%.

Furthermore, the effect of different LGA concentrations on the Raman spectra was analyzed.
For this purpose concentrations ranging from 0-7 g/100g were prepared independently at a
temperature of 95 °C. The temperature was kept constant for 10 minutes before the

measurement was started to ensure that the particles are completely dissolved.

The influence of temperature was investigated by Hotstage Raman spectroscopy

measurements on the pure polymorphic forms (alpha and beta) of LGA.

Experimental setup for the measurements using the compound LGA

To test the applicability of the Raman probe in larger scale setups the measurements were
performed at lab scale (2 kg / 1.9 L) and at pilot plant scale (165 kg / 160 L). The
experimental setup is shown in Fig. 5-7. During the lab experiments stirring was provided by
a two-stage impeller stirrer. The temperature was regulated by an external thermostat. The
Raman probe was integrated in the reactor by a commercial available Swagelok connection
(inline measurement). The pilot plant experiments were performed using an anchor stirrer.
As can be seen in the photographic image in the appendix (section 14.10) the online

measurements in the pilot plant are realized by a process connection fitting which builds an
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access unit integrated in a repump. The three used access units (VARINLINE) were purchased
by GEA Group Aktiengesellschaft (Disseldorf, Germany). It is mainly a two port housing with
a lateral fitting for the connection of the probe. Depending on the installation depth of the
instruments, it is possible to incorporate two instruments in maximum per unit. An inserted
sight glass is used for the visual observation of the product. The access unit sight classes of
Raman- and UV-Vis spectroscopy were covered with aluminum foil to protect against light,
which would lead to measurements disturbances. The pipes are connected by a commercial
available flange connection. A further description is given by GEA Group Aktiengesellschaft
[Geal3].
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Fig. 5-7: Experimental setup at lab scale with a total reactor volume of 2 L (A) and pilot plant
scale with 165 L (B). A vertical connection of access units enables the integration of several
probes.

Influence of recirculation on the physical quality of the product

For all experiments a solution of Paracetamol with a concentration of 10 wt% in an ethanol
water mixture (20:80 w/w) was used. The experimental conditions as well as a description of
the experiments can be observed in Tab. 5-8. External sampling was performed via a cutting
tip valve. The collected samples were investigated in view of their particle size distribution

by laser diffraction.
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Tab. 5-8: Description of the experiments to investigate the influence of repumping.

Experiment  Experimental conditions:

number Recirculation (Y/N), speed of intermig stirrer, cooling/heating rate; notes

Exp 1 N, 80 rpm, 0.2 °C/min;
The suspension/solution was heated to 55 °C and subsequently cooled to
0°C.

Exp1la N, 230 rpm, 0.0 °C/min;

The suspension was stirred for 12 h at 0 °C to investigate the influence of
intermig stirrer.

Exp 2 Y, 80 rpm, 0.2 °C/min;
The experiment was performed under the same conditions as Exp1, but with
repumping to investigate its effect.

Exp 3 Y, 80 rpm, 0.2 °C/min;
The experiment was performed under the same conditions as Exp 2.
Exp 4 Y, 0 rpm, 0.2 °C/min;

The crystallization experiment was performed without stirring, but with
activated recirculation , to get an insight on non-stirred crystallizations.

Definitions: Y - Yes, N— No

Experimental setup

The influence of recirculation and stirring was investigated in a 460 L reactor (used reactor
volume 300 kg / 284 L) equipped with a two stage intermig stirrer. A stirring speed of 80 rpm
was used. The crystallizer was connected to a pumped closed-cycle loop which provided
continuous circulating process flow. The used compressed air diaphragm pump DEPA DL.-FA
with pulsation dampener was purchased from Crane Process Flow Technology GmbH
(Dusseldorf, Germany). An integrated turbidity probe Trb 8300 (Mettler Toledo, Switzerland)
enables to investigate the presence of particles in the solution of Paracetamol directly inside

the crystallization vessel. The experimental setup is shown in Fig. 5-8.



Materials, Methods and Procedures

35

A

Turbidity probe ‘ Temperature probe

— o

 I—
 —

'
R
Pump

Fig. 5-8: Schematics (A) and photographic image (B) of the experimental setup at pilot plant
scale with a total reactor volume of 460 L, position of the turbidity probe is highlighted.

5.3.1.6 Optical Reflectance Measurement

Polymorphic transition of LGA

The isotherm experiment started with the preparation of a saturated solution with respect
to B-LGA at 45 °C in an external double walled and temperature controlled vessel.
Subsequently, the solution was transferred to the STEM integrity reaction vessel (volume:
30 mL). The temperature of the saturated solution was kept constant for 1 h before the
addition of the alpha crystals, to ensure a constant temperature in the vessel and then
during the whole experiment. Crystals of a-LGA were added into the saturated solution and

a suspension density of 0.6 wt% as adjusted. Stirring was applied with a rate of 1200 rpm.

Crystal growth experiment (compound: LGA)

A solution with a concentration of 3 g/100g (solubility temperature: 60 °C, volume: 17 mL)
was heated up to 70 °C until everything is dissolved. Subsequently, the solution was cooled
down with a rate of 0.1 °C/min to 56 °C. At 56 °C seed crystals (mass: 0.1 wt%, original dry
crystals, size: 63-90 um) were added to the supersaturated solution (supersaturation:

0.5 g/100g). Stirring was applied with a rate of 1200 rpm.

Experimental setup

The experiments were performed in the STEM Integrity 10 reaction station (Electrothermal).
In addition to the turbidity and temperature sensor (Electrothermal) an APAS 14 sensor
(Sequip GmbH) was integrated in the reaction vessel in vertical direction. An potographic

image of the setup can be observed in the appendix (section 14.7).
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6. Results and Discussion

In the following part of this work the results and its discussion are presented together. This
kind of presentation was chosen due to multipartite nature of the theses (12 different model
compounds, 8 different measurement techniques and different scales) and should enable
the reader a better understanding of the complex relationships and comparisons. For the
sake of clarity the name of the used model compounds are highlighted with bold font and

capital letters at the beginning of a new text section.

6.1 Determination of solubility and nucleation points

The development of a phase diagram as well as the determination of nucleation
temperatures is one of the first steps performed during the development of crystallization
processes, since the operating window of the process can be defined. Various techniques are
available to determine these data. However, different qualities of information can be
derived from the measurements and a different sensitivity of the devices to detect the
presence or absence of particles is expected. A high accuracy of the measured data is,
especially, important for compounds with small MZW’s since the performance of
crystallization processes in a pilot plant or industrial scale often results in different
temperature conditions (e.g. response behavior or accuracy). Consequently, this might lead
to the occurrence of early nucleation events resulting in unwanted product properties, such
as a too small mean particle size. In addition, information is required to identify new
polymorphs for crystallization processes under changing conditions (e.g. solvent) or to
detect polymorph transitions, since different polymorphs influence the physical and/or
chemical properties of the product. A precise measurement technique to detect solubility,
nucleation points and/or chemical characteristics represents, therefore, an essential part
during crystallization process development. In the following the application of different
measurement techniques for crystallization process development are tested and evaluated.

Parts of this section are published in [Hel12].
6.1.1 Ultrasound

6.1.1.1 Applicability for pharmaceutical compounds

To evaluate the applicability of the ultrasound device to analyze the MZW, in total 12
different pharmaceutical test compounds were analyzed within different concentration
ranges [see also [Hell3d]). An overview of the results and an evaluation of the result quality
is seen in Tab. 6-1. For most of the pharmaceutical compounds the solubility and nucleation
points can be extracted by ultrasound, except for SAROO and SAR474832. In this case,
however, often the evaluation of the attenuation supplies useful information on the MZW.

An example for the evaluation of attenuation is given in the appendix (section 14.14).
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Tab. 6-1: Overview on investigated compounds to analyze the MZW using ultrasound,
excellent applicability (+++), good applicability (++), satisfactory applicability (+),
unsatisfactory applicability (-); Abbreviations as follows: molecular weight (MW),
concentration (Conc.), velocity (Vel), temperature (T), nucleation point (Tnucl).

Substance Solvent MW Conc. range | MzZW Vel trend | Vel trend at
name/ formula [g/mol] [g/100g] determination (1T) [ Tnucl [-]
Glycine H,0 75.0 25-45 +++ P 3
C,HsNO,
L-gluatmic acid | H,O 147.1 3-6 + (from 5 g/100g) P NK
CsHoNO, (attenuation shows
good results +++)
Irbesartan EtOH 428.5 1-6 + J low ¢
CZSHZSNSO
Carbamazepine | 80 wt% 236.3 4-6.6 + N low |
CysH1,N,0 EtOH/H,0
Acetylsalicylic EtOH 180.2 20-39 ++ J J
acid C9H804
SAROO 95 vol% >500.0 2-14 - J very low T
EtOH/H,0 (attenuation shows
better results ++)
SAR474832 H,O 569.6 4-10 - ™ very low T
(attenuation shows
better results ++)

Definitions: Vel trend (1 T) — ultrasound velocity trend with increasing temperature; Vel trend at Tnucl -
ultrasound velocity trend at the nucleation point.

Furthermore, from Tab. 6-1 it can be observed that the investigated compounds belong to
different groups (grey colored). The first group (light grey) separates compounds which show
generally a good to excellent applicability while the medium grey colored group has a
satisfactory to unsatisfactory applicability. Compounds of the last group (dark grey) have
generally an excellent applicability. The grouping can be related most likely to the trend of
changing ultrasound velocities during the temperature increase (Vel trend (1 T)) and the
trend of changing velocity at the nucleation point (Vel trend at Tnucl). Group 1 and 3 show

divergent behavior of the velocity trends, while group 2 changes the velocity trend in the
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same direction (both increasing or decreasing). The reason for this behavior will be discussed
in detail in section 6.2.1 together with the applicability to monitor the concentration.
Generally, it can be concluded that the compounds with the highest molecular weight
(SAROO, SAR474832, Irbesartan) can be grouped to the substances with unsatisfactory
results (group 2). For group 3 (excellent applicability) it can be observed that compounds
with low concentration (2 g/100g) as well as high concentrations (280 g/100g) show good or
excellent results. Therefore, a dependency of the generated results exclusively from the

used concentration range can be ruled out.

Please note that due to the low power input (0.1 W) of the ultrasound wave, the energy
input is not sufficient to cause cavitations. Therefore, the ultrasound probe does not

influence or promote the nucleation from solution.

6.1.1.2 Applicability in the pilot plant

In the following one compound of each group was selected in order to test the applicability
of the ultrasound measurement technique to analyze the MZW in pilot plant scale, where

the sensor is integrated in horizontal position in a flow-through cell.

As a compound of group 3 (excellent applicability) PARACETAMOL was chosen. A
comparison of the results to determine the solubility and the nucleation point measured in

the pilot plant and in the lab is shown in Fig. 6-1.
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Fig. 6-1: Determination of MZW in pilot plant and lab scale for the compound Paracetamol
(group 3, excellent applicability) by means of ultrasound (concentration: 10 wt%).

From the lab experiment it can be seen that an excellent determination of solubility and
nucleation point is possible. The intersection of the lines at high temperatures represents
the solubility point (lab: 45.5 °C), while at the nucleation point (lab: 37.9 °C) a sudden and
significant increase of velocity takes place. For the pilot plant experiment, in comparison, no

solubility temperature can be determined due to the parallel course of the velocities during
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the heating and cooling cycle (no intersection). At the nucleation point (pilot plant: 40.0 °C)
the velocity changes. The extent of increasing velocity, however, is lower in comparison to
the lab experiment. This behavior strongly influences the accuracy of nucleation point
determination. The temperature vs. ultrasound attenuation graph (see appendix, section
14.16) shows a similar measurement trend for the pilot plant experiment and cannot be
used to determine the solubility temperature as well. Theoretically, the velocities of the lab
and the pilot plant experiments should be the same, if the solid material is dissolved
completely (heating: temperatures > 46 °C; cooling: temperatures > 40 °C). From the results,
however, it can be concluded that the velocities measured in the pilot plant are significantly
higher in comparison to the lab experiment. A possible reason for the unexpected behavior

is given at the end of this section.

ACETYLSALICYLIC ACID was selected for further pilot plant investigations as a model
compound for group 2 (satisfactory to unsatisfactory applicability). The results of ultrasound

velocity and attenuation measurement are shown in Fig. 6-2.
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Fig. 6-2: Determination of MZW in pilot plant and lab scale for the compound Acetylsalicylic
acid (group 2, satisfactory to unsatisfactory applicability) by means of ultrasound velocity (A)
and ultrasound attenuation (B) for a concentration of 22.5 g/100g.
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The ultrasound velocity measurement in the pilot plant shows the same limitations as for the
model compound Paracetamol. While the lab investigations enable to extract information on
solubility (lab: 22.0 °C) and nucleation point (lab: 14.2 °C), the pilot plant data cannot be
used to determine the solubility temperature. In comparison to the lab experiment, the
ultrasound velocity measured in the pilot plant shows only a slight decrease at the
nucleation point. For the model compound Acetylsalicylic acid, however, the attenuation can
be used to determine the MZW, not only in the lab, but also in the pilot plant. In comparison
to the results shown for Paracetamol, the measured velocities analyzed for Acetylsalicylic
acid for the pure solution (without particles) are approximately the same for the lab and the

pilot plant experiment.

From Fig. 6-3 it can be observed that the sensitivity of ultrasound attenuation measurement

to detect solubility and nucleation points is comparable to that of Raman- and MIR

spectroscopy.
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Fig. 6-3: Detection of solubility and nucleation points by means of ultrasound, Raman- and
MIR spectroscopy in the pilot plant for a Acetylsalicylic acid concentration of 22.5 g/100g.

L-GLUTAMIC ACID was investigated as a model compounds of group 1 (good to excellent
applicability). As can be seen from Fig. 6-4 the lab measuring results show clear readings. In

the pilot plant, however, the investigated compound shows similar limitations as in the case
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of Paracetamol. Neither the ultrasound velocity nor the attenuation enables to determine
solubility or nucleation points. The ultrasound velocity measured in the lab is in accordance
to the velocity measured in the pilot plant exclusively for temperatures higher than 82 °C

(cooling) or 85 °C (heating).
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Fig. 6-4: Determination of MZW in pilot plant and lab scale for the compound L-glutamic acid
(group 1, good to excellent applicability) by means of ultrasound for a concentration of
6 g/100g; original and smoothed data (A), smoothed data (pilot plant) only (B).

Simultaneously to the ultrasound measurement technique Raman- and UV-Vis spectroscopy
were used to detect solubility and nucleation point of LGA (concentration: 6 g/100g) in the
pilot plant. From Fig. 6-5 it can be seen that the solubility point detected by Raman- and
UV-Vis spectroscopy is 78.4 or 79.0 °C, while the nucleation occurred at 53.5 or 60.4 °C.
These differences indicate that UV-Vis spectroscopy has a higher sensitivity to detect the
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presence of particles in comparison to Raman spectroscopy. The solubility temperature
analyzed by UV-Vis spectroscopy is in accordance to the results of the ultrasound lab
experiment for the same concentration. For the pilot plant experiments, however, the frame
conditions (e.g. gas content) have to be controlled, since otherwise wrong and strongly
fluctuating data are produced as presented in Fig. 6-4. These data cannot be used to extract

reliable information on the MZW.
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Fig. 6-5: Detection of solubility and nucleation points by means of ultrasound, Raman- and
UV-Vis spectroscopy in the pilot plant for a L-glutamic acid concentration of 6 g/100g.

The applicability of the technique to analyze the solubility and nucleation in the pilot plant
was investigated for three different pharmaceutical model compounds of group 1/2/3. Only
Acetylsalicylic acid (group 2, satisfactory to unsatisfactory applicability) enables to detect the
MZW — not by the evaluation of ultrasound velocity, but by the attenuation. For Paracetamol
(group 3, excellent applicability) and L-glutamic acid (group 1, good to excellent applicability)
the technique cannot be used to detect the MZW, since the signal is fluctuating and the
ultrasound velocities are significant higher than for the lab experiments. This can be caused
for temperatures lower than the nucleation temperature by particles of different size and/or
different suspension densities. However, for conditions where no particles are present this
behavior is unexpected. A possible reason for this behavior might be the presence of
undissolved gas/air (gas/air bubbles) during the pilot plant experiments, since the ultrasound
sensor was integrated in a repump. If the stated reason is right, the measurement technique
is fully functional, however, the providence of the necessary measurement conditions is not
given. As already shown by Helmdach et al. [Hell1] air bubbles can also influence the solid

phase measurements in suspension derived from optical reflectance measurement, focused
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beam reflectance measurement and single-frequency ultrasound. A further discussion on the

effect of air bubbles and its consequences is given in section 6.2.1.

6.1.1.3 Case study of process development for citric acid

In Fig. 6-6 A the measured variations in the ultrasound velocity of CITRIC ACID
solution/suspension (concentration: 181 g/100g, solvent: water) in dependence of
temperature during the heating and cooling cycle are shown. The ultrasound velocity
increases linear with decreasing temperature. The occurrence of nucleation leads to a
sudden increase of ultrasound velocity and to a release of heat of an exothermic
crystallization. The intersection of the curves at higher temperatures after reheating leads to

the disappearance of the crystals and is the saturation point.

The metastable zone widths of citric acid were investigated in a concentration range of
150 g/100g to 320 g/100g for three different solvent compositions (pure water, 10 vol%
ethanol-water and 20 vol% ethanol-water mixtures). From these measurements a phase
diagram was established. Fig. 6-6: B illustrates the position of the metastable zone widths
for the investigated concentration range and the transformation points with increasing
ethanol content. Increasing ethanol content leads to a massive decrease of the nucleation
point temperature, whereas the solubility profiles of citric acid in water and in ethanol
water-mixtures show only minor differences. Therefore, an enlargement of the metastable

zone widths up to 31 °C can be observed.
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Fig. 6-6: Variations of ultrasound velocity during the heating and cooling cycle (A), Position
of the metastable zones and transformation points () of citric acid in water, 10 vol%
ethanol-water mixtures and 20 vol% ethanol-water mixtures determined by ultrasound and
turbidity devices (B).

The concentration vs. temperature profiles of the three solvent compositions, shown in

Fig. 6-7, exhibit two linear functions. The intersection of these lines represents the
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transformation point, which is detectable in aqueous solution at 34.5 °C (A), in 10 vol%
ethanol-water at 40.0 °C (B) and in 20 vol% ethanol-water at 42.5 °C (C). At this point the
citric acid monohydrate (CAM) and citric acid anhydrate (CAA) are in equilibrium and have
the same solubility. The transformation point temperature is strongly influenced by the
ethanol content of the solvent and increases with increasing ethanol content. The
determined transformation point of citric acid in water ([Gro01] 34 °C by ATR-MIR; [War06b]
36.3 °C by conductivity and visual observation) as well as the solubility data [War06b]
corresponds well with the results reported in literature by other online/inline measurement

techniques.

To evaluate the applicability of the ultrasound device for the measurement of the
metastable zone width and the transformation point of citric acid an independent
measurement technique has to be used. For that reason a turbidity probe was applied to
measure the saturation point and the nucleation point of citric acid in ethanol-water
mixtures over a large concentration range (Fig. 6-7). The results of the turbidity
measurement are in accordance to the data obtained by the ultrasound measurement
technique and verify the results of the ultrasound device. The good accordance of the
measured solubility temperatures by the ultrasound and the turbidity technique can
furthermore be proven by the results of the test compounds artemesinic acid and SAROO

(results shown in the appendix section 14.15).

In conclusion, the transformation point between the CAA and CAM (solvates) can be
determined indirectly by the applied ultrasound method as well as by turbidity. The
ultrasound technique, however, has in comparison to the turbidity the advantage that
additional information are available. It was proven, in several publications [Perll, Str04,
Oma99b], that the device is able to track the concentration (liquid phase) as well as the
mean particle size and the suspension density (solid phase) of a number of inorganic and
organic compounds. Therefore, the ultrasound device supplies parameters on both phases —
liguid and solid. Whether the ultrasound probe can provide these information
(concentration) also for those pharmaceutical compounds used in this study, will be
discussed in section 6.2.1. The turbidity, in contrast, generates most often only qualitative

results on the solid phase.
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Fig. 6-7: Metastable zone widths and transformation points of citric acid in water with
literature data from Groen et al. [Gro01] and Warstat [War06b] (A), in 10 vol% ethanol-
water mixtures (B) and in 20 vol% ethanol-water mixtures (C) determined by ultrasound and
turbidity; the horizontal bars represent the standard deviation of 3 measurements.
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Furthermore, from Fig. 6-7 it can be observed that the systems citric acid water as well as
citric acid ethanol-water exhibit an enantiotropic behavior, since the solubility curves
intersect at a lower temperature than the melting points. The relative stability of the
anhydrate and monohydrate form depends on the water content of the solvent mixture. The
higher the water content the lower the relative stability of the monohydrate. This behavior is
surprising since studies of other organic compounds, e.g. of carbamazepine in an ethanol-
water mixture [Lou06a, Cho08] and risedronate monosodium in a methanol-water mixture
[Ngul0] show an increasing stability of the monohydrate with increasing water content.
According to the thermodynamic description of hydrate stability the hydrate is more stable
at temperatures lower the equilibrium water activity and vice versa [Ngu10]. The reason for
this unexpected behavior might be a considerable complexity in the structure of
supersaturated ethanol-water solutions of citric acid (degree of hydrogen-bonding, effect of
acid on the ethanol-water structure, chain and cluster formation) [Mul68, Nos04]. It was
demonstrated by Nose et al. [Nos04] that acids could strengthen the ethanol-water
structure and promote the proton exchange between ethanol and water. Acids lead to a
strong hydrogen-bonding force and therefore the ethanol molecules are supposed to be
taken into the water network to associate with water molecules tightly. Furthermore,
Noskov et al. [Nos05] showed that the total number of hydrogen-bonds for water molecules
is stronger at low ethanol concentrations than in pure water. This complexibility might
promote an incorporation of water in the crystal lattice and is, therefore, increasing the

transformation point with increasing ethanol content.

6.1.2 Raman spectroscopy

Case study of process development for CITRIC ACID

A further valuable tool for the development of scalable crystallization processes is Raman
spectroscopy. By this method the formation of the solid phase during crystallization can be
monitored and the crystal phase forming can be directly identified [Fetl1]. It was already
presented by Caillet et al. [Cai06, Cai07, Cai08] that Raman spectroscopy is a feasible
technique to monitor the solvent-mediated phase transformation of citric acid, since it is
possible to distinguish clearly the spectra of the anhydrate from those of the monohydrate.
In Fig. 6-8 and Fig. 6-9 the Raman data of a crystallization experiment of citric acid
(concentration: 250 g/100g) in 10 vol% ethanol-water mixture are shown. The monitoring of
the peak height at 796 cm™ (Fig. 6-8) allows to get qualitative information on the liquid
phase and enables the direct investigation of the saturation and nucleation point. CAA was
suspended in the solvent-mixture and heated up from room temperature to a temperature
of 68 °C with a heating rate of 10 K/h and subsequently cooled back to 5 °C using a cooling
rate of 10 K/h. From the spectral changes (1800-1600 cm™; 900-700 cm™) and by comparison
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with the reference spectra of solid CAA and CAM it can be concluded that CAA shows a fast
conversion into the monohydrate form when CAA is suspended in the solvent mixture at
20 °C (within a few minutes). This can be explained by the higher thermodynamic stability of
CAM below 34 °C than CAA. This fast solvent-mediated transformation of the CAA
(suspended in water) to the CAM at temperature between 15-20 °C was also investigated by
Caillet et al. [Cai06]. The authors showed that the phase transformation is completed 10 min

after the preparation of a suspension at 15 °C.

For the implemented experiment shown in Fig. 6-8 the dissolution process starts at 26 °C
and is finished (clear solution) at approximately 50 °C (refer to Fig. 6-9). The nucleation point
was determined by Raman in this experiment at about 9.8 °C. The crystallization was found
to be completed during the holding-temperature phase at 5 °C. By comparison of the Raman
spectra to the recorded solid state reference spectrum of CAA it becomes evident that the
crystalline product can be identified as CAA. However, it must be stated that additional
signals, which are not related to ethanol, were found in the spectra (e.g. at 1714 cm™) of the

crystallization product in suspension.
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Fig. 6-8: Raman signal intensity at 796 cm™ (left ordinate) and temperature (right ordinate)
vs. time for a cooling crystallization of citric acid in 10 vol% ethanol-water mixture.
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Fig. 6-9: Raman spectra in the range of 1800-1600 cm™ (left) and 900-700 cm™ (right) for the
heating and cooling ramp of a citric acid crystallization in 10 vol% ethanol-water mixture.

Explanation for unexpected Raman spectra

Generally, the influence of solute (amorphous phase) is small in relation to the Raman
scattering caused by the solid phase in the suspension. By the subtraction of a reference
spectrum (CAA) from the spectrum of the recrystallized product at the end of the
experiment as well as from the difference spectrum of the initial suspension and the CAM
reference spectrum, it can be proven that these additional peaks refer to the amorphous
phase of citric acid (citric acid in solution). The resulting difference spectra are in good
agreement with the main peaks of the spectrum of the dissolved compound (see Fig. 6-10,

main peaks are marked with arrows).

Resulting from the extremely high solubility of citric acid in water and in 10 vol% ethanol-
water mixtures there is a superposition of the spectra of citric acid as solid (CAM or CAA,
main contribution) and dissolved compound (minor contribution). This has to be considered
for the correct interpretation of the results applying compounds with extreme high
solubility. Although citric acid is a widely study model compound a superposition of liquid
phase and solid phase peaks measured with ATR-MIR spectroscopy was never described in

the literature yet.



Results and Discussion

49

u

[

1.4e+5 4 i 50000 8

A ¥ g

o 1.2e+5 4 40000 o
|5 L 30000 g
8 1.0e+5 - Q.
[§] wn
Ny - 20000 @
% 8.0e+4 - %
5 - 10000 5
£ 6.0e+4 - £
= =
(1] _ b —
g 4 0e+4 ‘ | L 10000 2
[

o —
2.0e+4 - | | | L _ £
/ 20000 %

0.0 . i | . . | } -30000 g
1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 700 600 o

Wavenumber / cm'1

s Spectra of dissolved citric acid (clear solution)
— spectra of crystallized product - spectra of CAA reference
== == ==  spectra of initial suspension (CAM) - spectra of CAM reference

Fig. 6-10: Raman spectrum of dissolved citric acid and difference spectrum of the crystallized
product and of the initial suspension.

Comparison of MZW to ultrasound

In the following the results of MZW generated by Raman spectroscopy for a concentration of
250 g/100g in 10 vol% ethanol-water mixture are compared to the results of ultrasound
(solubility point 52 °C, nucleation point 12 °C). It can be observed that the solubility data are
roughly in agreement. The difference of the solubility point detected by the two different
measurement techniques in separate experiments is about 2 °C, whereby the ultrasound
technique detects a higher solubility temperature. This might be caused by a different
sensitivity of the devices for small particles with low suspension density. In order to analyze
the sensitivity of Raman spectroscopy for particles with different sizes and suspension
densities a further experiment was performed. Defined amounts of particles with specific
sizes were added step by step to a saturated solution at 25 °C. The time between the crystal
addition and the measurement was 15 min in order to have homogeneous conditions. The
results can be seen in Tab. 6-2. As can be observed the detection limit is low (2.3 wt%),
especially for particles with small particle sizes (< 250 um). The higher the size of the
investigated crystals, the lower the detection probability and the higher the needed

suspension density to get a sufficient change of signal intensity.
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Tab. 6-2: Detection limit of Raman spectroscopy in dependency of particle size for the test
compound citric acid anhydrate (raw data are shown in the appendix section 14.28).

Particle size Detection limit
500-630 pm 10.6 wt%
250-500 um 6.6 wt%
> 250 pm 2.3 wt%

A similar experiment under the same conditions was performed with the ultrasound device
using citric acid particles with a size smaller than 250 um. The results can be observed in
Fig. 6-11 and indicate that from a suspension density of 0.5 wt% a minor increase of the
ultrasound velocity is detectable. A sharp increase of velocity occurs from a suspension
density of 2 wt%. Consequently, it can be shown that the ultrasound technique has a lower
detection limit for small particles with low suspension densities. Since the dissolution
process and the nucleation leads to the formation of crystals with small size, the sensitivity
of the device to detect solubility and nucleation is higher in comparison to Raman
spectroscopy. Attention should be given that citric acid belongs to group 3 for the ultrasound
investigations (see section 6.1.1.1). Materials belonging to this group have a very good
applicability for MZW determination (high sensitivity of the method). For materials of
group 1 or 2 (excellent to good or unsatisfactory applicability) the comparison of sensitivity
between ultrasound and Raman spectroscopy might show differences in comparison to the

presented results for citric acid.
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Fig. 6-11: Detection limit of ultrasound for a particle size > 250 um using the test compound

citric acid anhydrate.
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It should be noted that the nucleation point depends on the process conditions.
Consequently, the results of supersolubility cannot be compared directly, since the
experiments were performed at different scales and setups (ultrasound: cooling with 5 K/h,
200 mL, magnetic stirrer; Raman: cooling with 10 K/h, 500 mL, impeller stirrer). Generally,
the nucleation temperature decreases with increasing cooling rate [UIr12], which matches to

the generated results.

6.1.3 UV-Vis and NIR spectroscopy as turbidity measurement technique

To analyze the sensitivity of the measurement techniques to detect the presence or absence
of particles (saturation and nucleation temperature) UV-Vis and NIR (Trb8300: 880 nm or
NIR transflexion: 970-1080 nm) were used simultaneously. In addition, Raman was applied
partly as third method for reasons of comparison. The results can be seen in Tab. 6-3. From
the measurements it can be observed that differences up to 1.2 °C concerning the saturation
temperature and 5.0°C concerning the nucleation temperature are detectable.
Furthermore, a grouping of the sensitivity of the different techniques to detect saturation
and nucleation can be analyzed (techniques are highlighted bold). The grouping of sensitivity
varies for saturation (UV-Vis>turbidity>Raman) and nucleation (UV-Vis>Raman>turbidity). As
can be seen from Tab. 6-3 most often the highest sensitivity to detect the saturation
temperature (column highlighted with light grey) and the nucleation temperature (column

highlighted with dark grey) has the UV-Vis spectroscopy.

Tab. 6-3: Comparison of simultaneously detected saturation and nucleation temperatures by
turbidity, UV-Vis- and Raman spectroscopy for different compounds measured in the lab.

SATURATION TEMPERATURE [°C] NUCLEATION TEMPERATURE [°C]
low middle high high middle low

Paracetamol Raman: 43.2 - UV-Vis: 43.7 UV-Vis: 34.1 | Raman: 33.6 -

Paracetamol - UV-Vis: 33.2 Turbidity: 33.6 | UV-Vis: 12.0| - Turbidity: 11.8
SAR114137 Raman: 64.7 Turbidity: 65.1 UV-Vis: 65.9 UV-Vis: 61.4 | Raman: 60.4 Turbidity: 59.9
Irbesartan Raman: 53.8 Turbidity: 53.8 UV-Vis: 54.9 Raman: 23.5| UV-Vis: 23.2 Turbidity: 18.5
Irbesartan - UV-Vis: 51.0 Turbidity: 51.5| UV-Vis: 10.1| - Turbidity: 10.0
Acetylsalicylic acid| - Turbidity: 24.7 UV-Vis: 25.3 UV-Vis: 9.2 - Turbidity: 9.0
Acetylsalicylic acid| - Turbidity: 30.3 UV-Vis: 30.5 UV-Vis: 9.2 - Turbidity: 9.0
SAROO Raman: 46.5 Turbidity: 46.5 UV-Vis: 46.8 UV-Vis: 23.5| Raman: 23.0 Turbidity: 22.8
SAR00 - Turbidity: 50.7 UV-Vis: 51.2 UV-Vis: 36.2 | - Turbidity: 35.7

Concerning, the nucleation temperature these differences can be related to the time period

which is needed that solid particles become detectable after the generation of a critical
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nucleus. The nucleus need to grow to a detectable size. Since the detection limits of
different measurement techniques vary, results of different accuracy to the “true”
nucleation (saturation) temperature are generated. Comparing turbidity, Raman- and UV-Vis
spectroscopy, the UV-Vis sensor generates most often results of the highest accuracy.
Analyzing the reason for these detectable differences, first of all the measurement principle
of the sensors is compared. The intensity acquired by the receiver of the UV-Vis probe and
the NIR (transflexion) probe is a sum mostly of attenuated light, but also of forward
scattered light (turbidimetric measurement principle). In comparison, the Trb8300 probe
detects only the forward scattered light (nephelometric measurement principle). Gippel
[Gip95] investigated that turbidimetric sensors have, in comparison to nephelometric
techniques a higher sensitivity for small particle sizes with a mean diameter of 1.2-1.4 um
(spectral sensitivity at 500-550 nm, compound: silt). Since, absorbant particles attenuate the
light better than they scatters, such particles reduce the contribution of forward scattered
light leading to a better sensitivity of turbidimetry than nephelometry. Furthermore,
according to Chianese et al. [Chil2a] in addition to particle size and shape the measurement
resolution can vary as function of light wavelength, which was different for the used
techniques (UV-Vis: 500 nm, Trb8300: 880 nm, NIR transflexion: 970-1080 nm). In
conclusion, the good sensitivity of UV-Vis spectroscopy is resulting by different factors, such
as the measurement of light attenuation, the used wavelength and the present particle or
system properties, e.g. particle shape, size, surface properties. An advantage of this
technique is that the size of the measurement stretch can be adjusted according to the
acquired conditions (optical density) making it applicable for various processes (see
appendix section 14.5). The UV-Vis device is, in comparison to the other investigated

techniques small, easy transportable and cost efficient.

Especially, for the determination of the saturation temperatures the results of Raman show
strong differences to the “true” saturation temperature. Raman spectroscopy is a
measurement technique which depends on the detection/sampling volume. This
detection/sampling volume is influenced by the suspension density as well by the present
particle size. Large particles have a low detection/sampling volume since the probability of
the particle to be located in front of the probe tip in the laser spot is low. In comparison to
this, have smaller particles a higher probability to be detected by the device and, therefore,
a higher detection/sampling volume [Wik06]. This fact was proven by the results shown in
Tab. 6-2 (Raman signal intensity in dependency of particle size and suspension density) in
section 6.1.2. Since the dissolution and formation of particles is always related with the
presence of a small size and low suspension densities, Raman has a lower sensitivity to

detect the MZW and is therefore for this application not the preferred method.
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Application in the pilot plant

UV-Vis- and NIR (NIR transflexion: 970-1080 nm) spectroscopic measurements were
performed in a scale of 165 L (pilot plant) to analyze the solubility and the nucleation point
of the model compound B L-GLUTAMIC ACID in water (concentration 6.7 g/100g). In
addition Raman spectroscopy was applied to analyze the polymorphic form which
crystallizes. The measurement trend can be seen in Fig. 6-12. From the results it can be
observed that the three different techniques detect differences in the solubility temperature
of up to 3 °C. While the NIR probe detects the absence of particles at 93 °C the Raman device
measures solubility at 95 °C and UV-Vis at 96 °C. The nucleation point can be detected at
79 °C by UV-Vis and at 77 °C by NIR- and Raman spectroscopy. The ability of UV-Vis
spectroscopy to have the highest sensitivity for particles (highest solubility temperature)
matches very well to the results presented in Tab. 6-3. From the Raman spectra (spectra not

shown) the recrystallization of B-LGA can be proven.
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Fig. 6-12: Measurement of MZW of B L-glutamic acid by means of NIR-, UV-Vis-, and Raman
spectroscopy in a pilot plant scale.

6.1.4 ATR-MIR spectroscopy

ATR-MIR spectroscopy can be used to measure solubilities, for example as a function of
temperature. In case of PARACETAMOL dissolved in an ethanol water mixture, a suspension
with an excess of solid material was heated up slowly from 25-48 °C. The measured solubility
curve is shown in Fig. 6-13. To verify the results of MIR spectroscopy, turbidity and

ultrasound were applied in separate experiments and scales.
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Fig. 6-13: Independent determination of solubility curve by ATR-MIR spectroscopy,
ultrasound and turbidity for the test compound Paracetamol, MIR: concentration prediction
by PI model Lab 2 (see section 6.2.2.2).

A very good agreement between the results of the different measurement techniques can
be observed, also for the low concentration range. Differences are only detectable
concerning the nucleation temperature. This can be explained since the measurements were
performed independently and at different scales (ATR-MIR: 300 mL, ultrasound: 200 mL,
turbidity: 20 mL). The nucleation strongly depends on the used process conditions, e.g.
reactor geometry, volume, stirring speed. Therefore, differences of nucleation temperature

are not unexpected.

The ATR technology can be used to measure exclusively the liquid phase of a crystal slurry
without interference of dispersed crystals as long as no encrustation of the sensor head
takes place [Lin12]. This has the advantage, over other measurement techniques such as
turbidity, that the complete phase diagram within a big temperature range can be
determined rapid and in one experiment (non-isothermal). An important precondition,
however, is the presence of a calibration model for the investigated material and solvent
within the required concentration range. Calibration model building might be time

consuming in dependency of the used material and the further requirements to the process.
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6.2 Investigations in liquid phase

It is desired to operate the crystallization process in such a way that the operational point
(concentration) stays within the metastable zone. This can lead to a constant crystal growth
operation, which is always preferred over a process with frequent nucleation events, since
nucleation affects the product quality (e.g. to small mean particle size). For economic
reasons the operational point of a process is often maintained constant approximately in the
middle of the metastable zone width by a closed loop feedback control strategy. This kind of
process control, however, requires methods which can be used for a reliable real-time
prediction of concentration [Kal12]. In the following the ultrasound technique and ATR-MIR

spectroscopy are tested and the applicability is evaluated.
6.2.1 Ultrasound

6.2.1.1 Applicability for pharmaceutical compounds

According to the literature the ultrasound technique can be used to measure the
concentration, mostly of inorganic salts, but also of organic compounds [Gla04, Hei08,
Oma99b, Stoll, Str04]. Pharmaceutical compounds, however, have in comparison to
previously tested materials often partly different properties, such as high molecular weights,
low concentration ranges and/or extreme small particle sizes. Therefore, the application of
ultrasound might be limited for these kinds of materials. To evaluate the applicability of the
ultrasound technique for pharmaceuticals in total 12 different test compounds were
analyzed within different concentration ranges (see also [Hell3d]). Consequently, the data
were compared to the measurements shown in the literature. An overview of the results and
an evaluation of the result quality can be seen in Tab. 6-4. As can be observed for most of
the materials the concentrations can be analyzed, except for the compounds artemesinic
acid and SAR114137. The results are sorted by the sensitivity of concentration
measurement. The sensitivity is defined as the maximum change of ultrasound velocity for
the maximum concentration difference which was analyzed at isotherm conditions, in order
to exclude the influence of temperature on the measured velocity (T[°C]/Ac[g/100g]/AVEL
[m/s]). Furthermore, information on the change of velocity with increasing temperature
(VEL trend (1MT)) and at the nucleation point (VEL trend at Tnucl) as well as of the root mean
square error of calibration and/or prediction (RMSE(C/P)) and the molecular weights (MW)

are given in Tab. 6-4.



Results and Discussion

56

Tab. 6-4: Overview and sensitivity of the ultrasound concentration measurement for
pharmaceutical and non-pharmaceutical (inorganic, organic) compounds.

Substance Solvent T[°C]/Ac Sensitivity Mw VEL trend | VEL RMSE (C/P) | Data
name/formula [g/100g] [m*s® [g/mol] (PT) [-] trend [g/100g]; source
/AVEL /g*100g™"] at Toa | model
[m/s] []
Magnesium sulfate/ H,0 20/48/575 119 120.37 ™ N - [Stro4]
MgSO0,
Potassium sulphate/ H,0 30/14/96 7.0 174.26 ™ N - [Oma99b]
K2SO4
Ammonium sulfate/ H,0 70/47/327 7.0 132.14 1P N2 0.46; internal
(NH4)2$04 full data
quadratic
Copper sulfate H,0 23/2.5/12 4.8 59.61 T N2 - [Gla04]
/CuSO4x5H,0 (249.69)
Urea/ H,O 28/11/42 3.8 60.06 Significant P 0.14; [Sto11]
CHJN,O (45-47 wt%); pure
low quadratic
(50-53 wt%)
Glycine/ H,O 50/15/56 3.7 75.07 ™ N2 - [Hei08]
C,HsNO,
Glycine/ H,0 60/15/55 3.7 75.07 ™ N 0.36; own data
CzH_r,NOz full
quadratic
Aluminium kalium H,0 21/5/18 3.47 258.20 P N2 - [Sch02a]
sulfate/ (474.30)
KAI(SO4);x12 H,0
L-glutamic H,0 80/6/19 3.21 147.13 1 NE 0.05; own data
acid/CsHoNO, full
quadratic
Irbesartan/ EtOH 55/5/14 2.84 428.50 J low | 0.23-0.50 own data
CasH2sNsO
Carbamazepine/C;sH 80 wt% 32/3/7 2.75 236.30 N low ¢ own data
2,N,0 EtOH/H,0
Acetylsalicylic acid/ EtOH 40/30/57 1.90 180.16 N N 0.11; own data
CoHgO4 full
quadratic
Sucrose/ H,0 70/150/273 | 1.82 342.30 AP 1 (60- 1.42; internal
C1,H22011 (10-50 wt%) 80 full data
N2 wt%) quadratic
(60-80 wt%)
SAR00 95 vol% 58/11/17 1.55 >500.0 NE very 0.70; own data
EtOH/H,0 low 1 full
quadratic
Ascorbic acid/ H,0 50/35/45 1.29 176.12 ™ un - [Hei08]
CeHsOs -known
SAR474832 H,O 50/6/5 0.83 569.63 AP very - own data
low
Ibuprofen/ EtOH 30/40/21 0.53 206.30 J P - own data
Ci3H150,
Citric acid/ H,0 40/79/23 0.29 192.13 N2 P 4/4; own data
C6H307 full
quadratic
Paracetamol/ 20 wt% 70/22/6 0.27 151.17 J P 1.21/2.15; own data,
CgHyNO, EtOH-/H,0 pure [Att12]
quadratic
Artemesinic acid/ 70 wt% - 0.00 234.34 J P - own data,
C15H2202 MeOH/HZO [Xu12]
SAR114137 33 vol% - 0.00 354.40 NE ™ - own data,
EtOH/H,0 [Xu12]

Definitions: T[°C]/Ac [g/100g]/AVEL [m/s] - maximum change of ultrasound velocity for the maximum
concentration difference at isotherm conditions; Vel trend (PT) — ultrasound velocity trend with increasing
temperature; Vel trend at Tnucl — ultrasound velocity trend at the nucleation point.

By sorting the results according to the concentration measurement sensitivity a grouping is

observed. The ultrasound velocity shows with increasing temperature and at the nucleation
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point the same trend for each group. Group 1, which is highlighted light grey, has generally a
high sensitivity to analyze concentrations. The velocity trend with increasing temperature
and at nucleation changes in opposite directions (1%, {1 '). Most of the materials in this group
belong to inorganic or organic but non-pharmaceutical materials. Only two of eight materials
are compounds used for this study (pharmaceutical compounds). Consequently, it can be
shown that the sensitivity of the ultrasound device to detect concentration changes is higher
for inorganic compounds with low molecular weight in comparison to organic compounds
with high molecular weights. Group 2 includes materials for which the velocity trend
changes in the same direction (T, or {/,\{ /). Within this grouping two sub-groups can be
distinguished which are called (a) — both trends are decreasing ({ ,d/) or (b) — both trends
are increasing (",). Furthermore, a group 3 is present for which the velocities change
again in opposite directions (J,,1), but vice versa as for group number 1. Materials of
groups 2 and 3 are exclusively organic materials. Groups 2 and 3 show a limited or no
applicability to measure the concentration by the ultrasound measurement technique.
Combining the results of section 6.1.1 (determination of MZW by ultrasound) and of Tab. 6-4
important conclusions can be drawn concerning the application of the measurement

technique to analyze the MZW and the concentration (see Tab. 6-5).

Tab. 6-5: Evaluation of the applicability of the ultrasound measurement technique for the
measurement of MZW and concentration for the 3 different groups derived from Tab. 6-4,
pharmaceutical compounds most often belong to Group 2 or 3.

Group Determination of MZW Concentration measurement
1 Excellent to good applicability (++) Excellent applicability (+++)
2 Unsatisfactory applicability (-) Good to satisfactory applicability (+)
3 Excellent applicability (+++) Unsatisfactory applicability (-)

Since, the trend of ultrasound velocity with increasing temperature and at the nucleation
point is the same for each group, all materials of one grouping have a specific shape of the
temperature vs. velocity curve. Furthermore, the graphs including the calibration data or in
other words the measured velocities for different concentrations only of the clear solutions
(without particles) look the same. The temperature vs. velocity graphs and the graphs
including the calibration data of the analyzed pharmaceutical compounds are to be seen in
the appendix (section 14.17). The similarities in shape of the temperature vs. velocity graphs
can be related most likely to the change of adiabatic compressibility and density. According
to the Newton-Laplace equation, e.g. shown by Povey [Pov97], the ultrasound velocity (v)
depends on adiabatic compressibility (Bad) and density (p):
1

V= [Bad x p Eq. 6-1
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The equation can be used to calculate the compressibility from the measured ultrasound
velocity and the measured density. GLYCINE, a model compound of group 1, shows with
decreasing temperature an increase of density as well as adiabatic compressibility as can be
seen from Fig. 6-14. This leads consequently and according to Eq. 6-1 to a decrease of

velocity with decreasing temperature and at the nucleation point.
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Fig. 6-14: Change of velocity (left), density and adiabatic compressibility (right) with
decreasing temperature for the model compound Glycine (group 1).

Although the density is always increasing with decreasing concentration, the adiabatic
compressibility can change in both directions (increase or decrease). This is demonstrated
for the model compound CITRIC ACID, which refers to group 3, and can be seen in Fig. 6-15.
It seems that the compressibility of the medium is the determining factor. Therefore,
compounds of group 3 show an opposite behavior as compounds for group 1. The velocity is

increasing with decreasing temperature and at the nucleation point.
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Fig. 6-15: Change of velocity (left), density and adiabatic compressibility (right) with
decreasing temperature for the model compound citric acid (group 3).

For compounds of group 2 a & b it is assumed that the adiabatic compressibility shows two
different trends with decreasing temperature and at the nucleation point. This is presented

in the appendix (section 14.19) for the compound Irbesartan (group 2a) and for the
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compound SAR474832 (group 2b). For Irbesartan for instance the velocity is increasing with
decreasing temperature and at the nucleation point a sudden decrease of velocity is
detected. From the results measured for the compounds Glycine (group 1) and citric acid
(group 3) it can be assumed that the compressibility is decreasing with decreasing
temperature. At the nucleation point, however, a low increase of adiabatic compressibility

might take place.

According to the presented results, compounds of group 1 show an excellent applicability to
analyze concentrations by means of ultrasound. Both variables - the density and the
compressibility change in the same direction. Therefore, the extent of the change of velocity
is maximal, according to the equation Eq. 6-1. For compounds of group 3 the applicability is
unsatisfactory since the density and the compressibility in Eq. 6-1 change in opposite
direction. Therefore, the velocity change is neglectable or very low. Group 2 takes an

intermediate position.

6.2.1.2 Applicability in the pilot plant

In the following one compound of each group was selected in order to test the applicability
of the ultrasound measurement technique to monitor the concentration in pilot plant scale,
where the sensor is integrated in horizontal direction in a flow-through cell. For this purpose
the ultrasound velocities of the different compound concentrations (solid material
completely dissolved) were investigated in dependency of temperature. As a compound of
group 3 (unsatisfactory applicability) PARACETAMOL in an ethanol water mixture
(20:80 w/w) was chosen. The results of the lab and the pilot plant experiments are shown in
Fig. 6-16.
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Fig. 6-16: Calibration of concentration in pilot plant and lab scale for the compound
Paracetamol (group 3, unsatisfactory applicability) by means of ultrasound.
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From the graphic it can be observed that there are significant differences of the analyzed
velocities for the same concentration range. The velocities analyzed in the pilot plant are
lower in comparison to the results of the lab experiment. The sensitivity to detect different
concentrations is higher in case of the laboratory experiments. From the pilot plant results it

can be seen that especially the measured velocities of the solvent are highly fluctuating.

An explanation for the systematic lower velocities in the pilot plant is the presence of
undissolved gas/air, which is resulting from pumping the solution in the pilot plant.
According to Povey [Pov97] even very small amounts of undissolved air can have a dramatic
influence on the velocity of sound. Although dissolved gas/air has a very small effect on the
velocity, small changes in pressure can bring dissolved air out of solution, creating bubbles.
The velocity of air is, e.g. 322.16 m/s (20 °C). The ethanol water mixture, which is used to
dissolve the Paracetamol has a velocity of 1570 m/s (60 °C). The presence of gas/air bubbles
therefore, leads to a significant reduction of velocity in dependency of the undissolved
gas/air content. This would also explain the strong fluctuations of velocities measured for
the solvent directly after addition to the reactor (see Fig. 6-16). In conclusion, a calibration
transfer for the test compound Paracetamol is not possible under the present conditions in
the pilot plant setup as long as the gas/air bubbles cannot be reduced. A dearation of the
solvents, e.g. by sonication (high-power ultrasound), by vacuum or nitrogen displacement
might solve the problems [Pov97]. The circumstance that the experiments are performed at
“big” scales, however, makes the application of these techniques more difficult. It should be
noted that Paracetamol has anyway a low sensitivity for concentration measurement with
ultrasound, since the compound belongs to group 3. This leads to relative high calibration
and prediction errors, which are 1.2 wt% and 2.1 wt% in case of the lab experiment and a
concentration range from 9-43 wt%. In comparison to other concentration measurement
techniques, such as MIR spectroscopy, the prediction error is significantly lower (7-times) for
the same compound (e.g. 0.29 wt% for a pilot plant peak integration model), whereby a

significantly lower concentration range (1-10 wt%) is used.

ACETYLSALICYLIC ACID dissolved in ethanol was used as a compound of group 2 (good to
satisfactory applicability). From the results shown in Fig. 6-17 it can be observed that the
ultrasound velocities measured in the lab and in the pilot plant for the same concentration

and temperature range show a very good agreement.

The low influence of gas/air for Acetylsalicylic acid dissolved in ethanol, in comparison to the
system Paracetamol dissolved in a 20 wt% ethanol-water mixture, might be explained since
gas is much more soluble in ethanol than in water [Dal06]. Therefore, the extent of non-
soluble gas, which forms air bubbles, is smaller for Acetylsalicylic acid. Furthermore, the

viscosity of the medium might have an influence on the degassing behavior.
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Fig. 6-17: Calibration of concentration in pilot plant and lab scale for the compound
Acetylsalicylic acid (group 2, good to satisfactory applicability) by means of ultrasound.

From the measured ultrasound velocities in dependency of concentration and temperature
calibration models can be developed. The concentration can be correlated in the following
quadratic equation (T=18-70 °C, v=1000-1225 m/s):

c=A+B+«T+C*v+ DxT+xv+Ex*xT%2+F % p2 Eq. 6-2

In this expression c represents the concentration in g/100g, T is the temperature in °C and v
is the ultrasound velocity in m/s. The rstool (interactive multidimensional response surface
modeling) in Matlab 2007a with the string “pure quadratic” was used to fit the interaction

between velocity, temperature and concentration.

In Tab. 6-6 a calibration model summary for the lab and pilot plant models of Acetylsalicylic
acid is given. As can be seen the calibration error (RMSEC) is almost identical for the
calibration in the lab and pilot plant. The constants A-F for the calculation of concentration

are in good accordance as well.

Tab. 6-6: Ultrasound calibration model summary (pure quadratic equation) for a lab and
pilot plant model of Acetylsalicylic acid dissolved in ethanol.

RMSEC | A B C D E F
Lab | 0.11 1627,6750 -9,53813989  -3,04597605 0,00888890 0,01351588  0,00139963
PP | 0.12 1653,10524  -10,0115147 -3,09644158 0,00932317  0,01422938  0,00142365

Definitions: PP — Pilot plant, RMSEC — Root mean square error of calibration, A-F — constants for the calculation
of concentration (referring to EQ. 6-2)

When comparing the calibration results of the ultrasound measurement technique to the
results of MIR spectroscopy (see Tab. 6-7) it can be concluded that ultrasound delivers

calibration errors between the Pl and the PLS models developed for MIR spectroscopy in the
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pilot plant. Tab. 6-8 shows the predictions of an independent test sample in the higher
concentration range derived from the ultrasound calibration in comparison to the prediction
results of MIR-spectroscopy for the Pl and the PLS model. It should be noted, that the
prediction of more than one concentration is necessary in order to calculate the prediction
error reliably. Therefore, only the standard deviation is given in Tab. 6-8 for the prediction of

concentrations in temperature range from 23 to 42 °C.

Tab. 6-7: MIR spectroscopy calibration model summary for a pilot plant model of
Acetylsalicylic acid dissolved in ethanol using 32 training samples and 15 test samples (same
concentration, but different temperatures!).

PLS (rank 4) Pl (quadratic)
R’ 0.99993 0.99967
RMSEC 0.08 0.17
RMSEP 0.07 0.13

Definitions: R® — Coefficient of determination, RMSEC/P — Root mean square error of calibration/prediction, PLS
— Partial Least Square, Pl — Peak Integration.

Tab. 6-8: Predictions of independent test samples by ultrasound and MIR (Pl and PLS model),
derived from a simultaneously measured data set in the pilot plant (true concentration
22.5 g/100g).

Ultrasound MIR - Pl model MIR - PLS model
Mean predicted concentration [g/100g] 21.98 21.78 21.65
Standard deviation [g/100g] 0.53 0.72 0.86

Definitions: MIR — MIR spectroscopy, PLS — Partial Least Square, Pl — Peak Integration.

As can be seen in Tab. 6-8 the predictions of the ultrasound technique have the lowest
deviation to the true concentration, followed by the MIR Pl model and the MIR PLS model.
Since the prediction accuracy for the PLS model is lower in comparison to the Pl model,
which is not consistent with Tab. 6-7, it is assumed that effects such as the movement of the
fiber optics after the calibration cause these differences. A further discussion on how MIR-
spectroscopy can be affected by external influences is given in section 6.2.2. In conclusion,
the accuracy of concentration measurements by ultrasound for the compound Acetylsalicylic
acid is comparable to other independent measurement techniques, such as MIR
spectroscopy. The MIR spectra as well as an overview of the calibration data set and the

used data pre-treatments are given in the appendix (section 14.18).

That the ultrasound calibration model for Acetylsalicylic acid dissolved in ethanol, which was
developed at lab scale, can also be used for predictions in a pilot plant scale is shown by the
recovery curve in Fig. 6-18. The black symbols represent pilot plant data predicted by the
pilot plant calibration model. The results show ideal recovery behavior. The prediction error

is with 0.12 g/100g very low. Furthermore, the pilot plant data were predicted by a
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calibration model developed at lab scale (grey symbols). The result of the recovery plot
shows small deviations which increase with increasing concentration. The prediction error is
with 1.16 g/100g significantly higher than the prediction error for the samples predicted by
the pilot plant calibration model. This might be explained since the concentrations in the
pilot plant were not produced independently, but by step wise addition of solid material.
Furthermore, an influence of gas/air bubbles cannot be excluded completely. As it was
already presented for the compound Paracetamol, gas/air bubbles cause a reduction of
ultrasound velocity. This will lead in consequence to the prediction of lower concentrations.
Nevertheless, it is shown that a direct calibration transfer from lab to pilot plant is possible

for the system Acetylsalicylic acid in ethanol and only small deviations can be observed.

IS
o

w
o

3]
o

_
o

o
v |

Predicted concentartion g/100g

0 10 20 30 40
True concentration g/100g

Fig. 6-18: Recovery plot for pilot plant data predicted by pilot plant calibration model (black
symbols) and pilot plant data predicted by lab calibration model (grey symbols) for the
compound Acetylsalicylic acid, ideal recovery line (black line).

As a model compound of group 1 (excellent applicability) L-GLUTAMIC ACID was chosen. The
results of ultrasound measurements in the lab and pilot plant for different concentrations

and temperature can be seen in Fig. 6-19.

From the concentrations 0, 3 and 6 g/100g it can be observed that there are differences
between lab and pilot plant experiments. On the one hand the fluctuations of the ultrasound
signal measured in the pilot plant is higher in comparison to the lab results and on the other
hand the velocities analyzed in the pilot plant are significantly higher for temperatures lower
than 82 °C compared to the lab results. Only at high temperatures (above 82 °C) a good
agreement of lab and pilot plant results can be observed. By the optical inspection of the
product stream through the sight glasses it can be seen that from a temperature of 82 °C
(and for lower temperatures) the content of air bubbles starts to increase suddenly. This
might be due to the decrease of gas solubility with increasing temperature and would also
explain the better signal quality for the cooling step in comparison to the heating step.

Consequently, the calibration model can only be used within an extremely narrow
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temperature range under the present conditions in the pilot plant. As already stated for the
compound Paracetamol the reduction or the removal of the gas/air can lead to an

improvement of the results in the pilot plant.
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Fig. 6-19: Calibration of concentration in pilot plant and lab scale for the compound
L-glutamic acid (group 1, excellent applicability) by means of ultrasound.

From Fig. 6-20 it can be observed that an optimization of the process conditions can
minimally reduce the effect of the increase of the ultrasound velocity and the fluctuations of

the measurement signal, which might be caused by air bubbles.
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Fig. 6-20: Influence of process conditions on the ultrasound velocity in the pilot plant for an
L-glutamic acid concentration of 6 g/100g.
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It can be seen that cooling leads to a smoother signal with lower velocities, which are in
better agreement with the velocities of the lab experiment in comparison to velocities
measured during the heating cycle in the pilot plant. Furthermore, the signal can be
improved by the reduction of the pump stroke. This improvement leads to an excellent
agreement of the analyzed velocities for temperatures higher than 82 °C. For temperatures
lower than 82 °C a sudden increase of the ultrasound velocity difference between lab and
pilot plant can be detected again. A decrease of the stirring speed at a reduced pump stroke

does not lead to a further improvement of the measurement signal.

6.2.1.3 Application of a protected ultrasound sensor

In dependence of the used compound, the particle size and the suspension density present
in the suspension, have a strong effect on the ultrasound velocity. Thus, a precise and
reproducible measurement of concentrations (liquid phase!) during industrial crystallization
processes can only be realized by an effective ultrasound sensor protection. A photographic
image of the protected sensor is shown in the appendix (section 14.1). Cages with different
mesh sizes are available in order to protect the sensor. Furthermore, the cage can be heated

to dissolve crystals which encrust the mesh.

As can be seen in Fig. 6-21 from the results [Liul2] presented for the model compound
AMMONIUM SULPHATE dissolved in water (lab experiment) the right mesh size is able to
reduce the influence of particles. A clear solution without particles is analyzed as a reference
for comparison. In the following particles with a size of 200-400 um are added to a saturated
solution at 20 °C. The velocities are measured by an unprotected and a protected sensor
(mesh size 35 and 150 um). As can be seen the velocity is up to 9 m/s lower for the
measurements with the protected sensor in comparison to the unprotected sensor. Both
tested mesh sizes have the same protecting effect, since the measured velocity is the same.
The clear solution, however, has still a lower velocity. This means that some very small
particles are able to pass the protection of the sensor. Although the used particles had a size
bigger than the mesh width (200-400 um), the particle size can be reduced (crystal breakage)

by collision with the impeller stirrer which was used for homogenization.

The velocity differences have an influence on the predicted concentrations (equation for
concentration prediction is shown in the appendix section 14.20). For the measurement
without any protection against particles, the predicted concentration is increased up to
1.2 wt% in comparison to the real concentration. The measurement with protection, in
comparison, leads only to a difference of 0.2 wt% between real and predicted concentration.
This is lower than the calibration error (0.46 wt%). Consequently, the application of a
protected sensor can be used in the lab in order to predict concentrations of ammonium

sulphate (group 1) also in the presence of crystals.
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Fig. 6-21: Ability of an ultrasound sensor covered by a mesh to protect the measurement
stretch against particles.

From the recrystallization experiment of ammonium sulphate presented in the appendix
(section 14.20) it can be observed from the attenuation of the ultrasound wave that some
particles tend to pass the mesh from time to time. The heating of the cage (temperature
difference 2 °C), however, is able to dissolve the solid material. Therefore, this effect has a
very low influence on the predicted results for the compound ammonium sulphate which
has a high ultrasound velocity sensitivity for concentration changes. The heating of the cage
has the disadvantage that local temperate differences in the reactor may be present. This
can promote concentration gradients within the vessel and might be resulting in different

nucleation rates.

Since the cage of the sensor cannot protect the measurement stretch completely against
particles, the technique should only be applied for materials which belong to group 1
(excellent applicability of ultrasound technique for concentration measurement). Materials
of this group have a high sensitivity. Thus, a small concentration difference leads to a big
difference in ultrasound velocity. Consequently, the concentration prediction for this kind of
materials is not strongly influenced by low amounts of particles as it was demonstrated for
ammonium sulphate. The use of the protected sensor for compounds of group 2 (3),

however, should be avoided since this will lead to biased concentration predictions.
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6.2.2 MIR spectroscopy in a case study with Paracetamol

In the following MIR spectroscopy is used to analyze the concentration of the model
compound PARACETAMOL in ethanol water mixtures (20:80 w/w) in lab and pilot plant
setups (see [Hel13b]).

6.2.2.1 MIR spectra and data inspection

The MIR spectra of 10 wt% Paracetamol solutions in ethanol water mixtures (20:80 w/w%)
measured at 60 °C in lab and pilot plant together with the spectra of the pure solvent

mixture and solid Paracetamol are shown in Fig. 6-22.
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Fig. 6-22: MIR spectrum of Paracetamol (concentration: 10 wt%) in an ethanol water mixture
recorded at lab and pilot plant scale, of the solvent mixture (ethanol-water 20:80, w/w) and
of Paracetamol in the solid phase.

A broad absorbance signal is observed in the range 3600-3200 cm™ which originates from
O-H stretching vibrations of the solvent (water and ethanol). The signal at approximately
1640 cm™ can be assigned to the bending vibration of water present in the solvent mixture.
Comparing the solid phase spectra of Paracetamol with the spectrum of the pure solvent it
becomes evident that the N-H- bending signal of Paracetamol can be found in the solution
spectrum at 1514 cm™. This peak was selected to analyze the Paracetamol concentration in
ethanol water mixtures quantitatively by a Peak Integration (Pl) model. In addition a Partial

Least Square (PLS) calibration model was calculated in the spectral range of 1590-900 cm™.

In Fig. 6-23 the background corrected and normalized spectra of the lab and pilot plant
calibration data sets are shown. The most significant spectral changes are detectable in the
range of 1580-1480 cm™.
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Fig. 6-23: Comparison of the MIR spectra recorded in lab (Lab 1) (with nitrogen purge of the
spectrometer) (A) in pilot plant (Pilot plant 1) (without nitrogen purge of the spectrometer)
(B) and in pilot plant (Pilot plant 3) (with nitrogen purge of the spectrometer) (C). Ascending
order from low to high concentration.

As can be seen the peak areas of the Paracetamol related signals are increasing with
increasing concentration of the API. The possibility to analyze the concentrations of aqueous
Paracetamol solutions by MIR spectroscopy was already reported by Fujiwara, et al. [Fuj02].
The measured spectra of this study differ slightly from those, since he and his co-workers
stated, that due to the low solubility of Paracetamol in water (analyzed concentration range:
1.0-3.4 wt%), the contribution of noise in the spectra becomes significant and therefore
accurate concentration determinations by MIR are challenging. Since the solubility of
Paracetamol is significantly higher in ethanol-water mixtures compared to pure water, the
signals of the API are more pronounced in relation to the solvent. Mitchell et al. [Mit11]
reported ATR-MIR spectroscopic measurements to investigate the concentration of
Paracetamol dissolved in pure ethanol. Those spectra are in good agreement with the

spectra measured in the laboratory.

Furthermore, it becomes evident from Fig. 6-23 that there are significant differences in the

spectral shape between the spectra recorded with and without nitrogen flushing of the
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spectrometer. All spectra recorded in pilot plant without nitrogen purge (B) show the
presence of two well-resolved peaks at 1558 cm™ and 1541 cm™, whereas the “laboratory”
spectra (A) show only two broad features in the spectral range of 1580-1540 cm™. These
differences are caused by the presence of water vapor in the optical pathway (inside the
Michelson interferometer). As can be seen from Fig. 6-23 C, the application of a nitrogen

purge system in the pilot plant can reduce or eliminate this effect.

Furthermore, from Fig. 6-24 it becomes evident that the rotation-vibration bands of water
vapor in the range of 1800-1700 cm™, 1500-1300 cm™ as well as between 1558 cm™ and
1541 cm™ are present in the spectra collected in pilot plant without nitrogen purge, which
are absent in the lab IR spectra and in the spectra recorded in the pilot plant with nitrogen
purge. This can be illustrated in more detail by the subtraction of a lab spectrum from a pilot
plant spectrum (without nitrogen purge) measured at the same concentration and
temperature. The calculated difference spectrum, which is also shown in Fig. 6-24, is in

agreement with the IR spectrum of water vapor reported in literature [Cha02].
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Fig. 6-24: MIR spectrum of Paracetamol (concentration: 10 wt%) in an ethanol water mixture
recorded at about 60°C in lab and pilot plant scale in the range from 1800-500 cm™ and
difference spectrum (pilot plant spectrum — lab spectrum), vibration rotation bands of water
vapor are highlighted by circles.

Automated atmospheric compensation through re-calculation of the absorbance spectrum
from corrected (as available e.g. in OPUS) is typically unable to handle non-constant effects
like varying water vapor content. Therefore, no software based atmospheric compensation
was used. Furthermore, it is assumed that the water vapor bands have only a minor
contribution to the evaluated Pl signal at 1514 cm™ and practically no effect on the

normalization peak at 1045 cm-1 (Min-Max standardization).



Results and Discussion

6.2.2.2 Model building: peak integration (Pl) and partial least square (PLS)

To analyze the concentration in real time, different calibration models were generated from
the MIR calibration data sets. Commonly, two different types of calibration are applied for
model building: 1) the Peak Integration (Pl) method [Heb04] and 2) the Partial Least Squares
(PLS) procedure [Nad05]. Furthermore, the possibility of 3) Indirect Hard Modeling (IHM) is
available as multivariate data analysis [Kri08, Engl1, Als04a, Als04b].

Separate calibration models were built from the data sets plotted in Fig. 5-5. Each set of data
was used for a Pl and PLS calibration model. Mean calibration and validation errors (RMSEC,

RMSEP) are listed in Tab. 6-9. The applied data pretreatments are summarized in Tab. 5-5.

Tab. 6-9: Calibration summary, temperature 62-64 °C (Lab 1), 27-78 °C (Lab 2), 57-60 °C (Pilot
plant 1/2), 52-78 °C (Pilot plant 3); data used for comparison of lab and pilot plant calibration
model are highlighted by a grey background.

Labl Lab2 Pilot plantl Pilot plant2 Pilot plant3
PLS Pl PLS Pl PLS Pl PLS Pl PLS Pl
(rank 4) (linear) | (rank 6) (linear) | (rank1) (linear)| (rank1) (linear) | (rank 2) (linear)

RMSEC 0.03 0.13 0.09 0.30 0.18 0.18 0.11 0.07 0.15 0.23

RMSEP 0.20 0.43 0.26 0.58 0.24 0.92 0.22 0.76 0.30 0.29

Definitions: Lab -— Laboratory calibration data set, Pilot plant — Pilot plant calibration data set, PLS - Partial
Least Square, PI - Peak Integration, RMSE(C,P) - root mean square error (of calibration/prediction)

Comparing the results of the Pl and PLS models, it can be stated that the PLS model shows
most often the lower errors of calibration and prediction for both lab and pilot plant scale.
This can be related to the different mathematical complexity of the models. While PLS is a
multivariate calibration method the Pl is a univariate method. Univariate methods describe
the dependency of an independent variable (e.g. concentration) to a dependent variable
(e.g. Absorbance). Multivariate calibrations, in contrast, show the relation not only to one
dependent variables, but to many dependent variables (e.g. absorbance over a large
wavenumber range). Since univariate calibration methods are based on the Lambert-Beer
law, intermolecular interactions as well as temperature dependencies etc. can strongly
influence the accuracy and the robustness of the Pl model. In dependency of the
investigated compounds or compound mixtures this might result in a limited applicability of

the Pl model, especially, for the analysis of multi-component systems [Lin12].

Influence of temperature

To test the influence of temperature on the calibration and prediction error, the data set
Lab 1 was performed within a narrow temperature range (62-64 °C) while data set Lab 2
includes spectra recorded within a range of 27-78 °C. From the RMSE(C/P) it can be seen that

the calibration as well as the prediction errors of the pseudo-isothermal calibration model
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are lower in comparison to the model with variable temperature. Especially, the calibration
errors are up to three times higher. These differences are resulting from temperature-
related spectral changes according to Fig. 6-25. Liquid phase spectra of Paracetamol were
analyzed at different temperatures, but constant concentration (10 wt%). Obviously, the
temperature influence is particularly pronounced in the range of 1480-1200 cm™ and 1580-

1530 cm for spectra with and without nitrogen purge of the spectrometer.
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Fig. 6-25: ATR-MIR spectra of Paracetamol (concentration 10 wt%) in an ethanol water

mixture recorded at different temperatures from 41°C to 60 °C in the pilot plant without
nitrogen purge of the spectrometer.

Moreover, the temperature dependency can be illustrated by the predicted results
summarized in Tab. 6-10. The Pl and PLS models from the pseudo-isothermal lab data were
used to predict the concentrations of spectra recorded at lower temperatures (41-56 °C).
From the results it becomes obvious that with increasing temperature of the spectra the
calculated difference between true and predicted concentration is decreasing (PLS: from 0.3
to 0.0 wt%; Pl: -0.2 to 0.0 wt%). Hence, prediction is the more reliable, the closer the
unknown spectra are to the calibrated conditions. Nevertheless, the influence of
temperature on the predicted concentrations is small in comparison to the prediction error
and the measurement accuracy (refer Tab. 6-9, RMSEP 0.2 — 0.6 wt%). From the results for
data set Lab 2 it becomes clear that the PLS model enables a better adaptation to
temperature differences, since both RMSEC and RMSEP are lower in comparison to the Pl
model (Tab. 6-9).
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Tab. 6-10: Influence of temperature on the predicted concentrations using the laboratory
scale Pl and PLS calibration models (Labl, T = 62-64°C).

True Predicted Difference
PLS model Pl model PLS model Pl model
T[°C] c [wt%] c [wt%] c [wt%] Difference c [wt%]

1 10.0 10.3 9.8 0.3 -0.2
44 10.0 10.3 9.8 0.3 -0.2
48 10.0 10.2 9.9 0.2 -0.1
52 10.0 10.1 9.9 0.1 -0.1
56 10.0 10.0 10.0 0.0 0.0

Definitions: PLS - Partial Least Square, Pl - Peak Integration, T — Temperature, c - concentration

Transferability and influence of nitrogen purge

In the following it should be analyzed whether calibration models which were developed at
lab scale can be used directly for the predictions at pilot plant scale. The recovery plots from
a validation of the lab calibration models with the pilot plant spectra are given in Fig. 6-26.
From the results in Fig. 6-26 it can be observed that the differences between predicted and
true concentrations are higher for the PLS model (A & C) compared to the Pl model (B & D).
These differences can be explained by the changes of the spectral shape due to water vapor
(see Fig. 6-22), since no nitrogen purge of the spectrometer was applied for pilot plant data
set 1 & 2. This is strongly influencing the PLS model including a complex spectral matrix. The
impact on the Pl model, however, is lower since only a narrow spectral range (1528-

1499 cm™) is used, which is almost independent of water vapor.

Furthermore, the results can be used to demonstrate the influence of nitrogen flushing.
While the spectrometer was purged with nitrogen for the lab data sets and for pilot plant
data set 3, no nitrogen flushing was applied for pilot plant data set 1 & 2. The results without
nitrogen purge (A & B) show differences up to 3.3 wt% for the PLS model while the Pl model
has a maximum difference of 2 wt%. For the results with nitrogen purge (C & D) a significant
reduced difference of predicted and true concentrations can be observed for the PLS and the

Pl model.

For the further comparison, the pseudo-isothermal lab Pl model 1 and the pseudo-
isothermal pilot plant Pl models 1 and 2 were used (refer to Tab. 6-9). The two pilot plant
calibration models 1 and 2 (without nitrogen purge) show approximately the same errors
concerning the calibration and the prediction. The prediction error of the pilot plant
calibration models (without nitrogen purge) is up to two times higher in comparison to the
prediction error of the lab model (with nitrogen purge). Nitrogen purge in the pilot plant

leads to a decreased prediction error for the Pl model (from 0.92 to 0.29 wt%) as can be
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seen for the results of pilot plant model 3 in Tab. 6-9. A comparison with Pl lab model 1

leads to the conclusion that the prediction errors are comparable. Therefore, a direct and

simple calibration transfer from lab to pilot plant is not possible for the PLS models (e.g. due

to the water vapor influence, bending radius of the fiber optic cable, reactor geometry,

stirrer type). The Pl model can be used for the analysis of the pilot plant spectra, but only

under specific conditions (e.g. nitrogen purge and others, which will be discussed later). It

should be note that the calibration with PLS model includes, in comparison to the univariate

PI model, always characteristic influences as for instance reactor geometry, stirrer type or

scale. These information are incorporated in the “rank” of the model. As can be seen from

Tab. 6-9 the ranks of the PLS pilot plant models differ from that of the lab models, indicating

different external influences. Therefore, the PLS model has a limited application for scale up.
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Fig. 6-26: Recovery plots for the validation of the lab models (Lab 1, with nitrogen purge)
with pilot plant spectra (Pilot plant 1/2-without nitrogen purge and Pilot plant 3-with
nitrogen purge): PLS — range 900-1590 cm™ (A,C), PI - peak at 1499-1528 cm™ (B,D).
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Reproducibility

The reproducibility of the PI calibration procedure can be tested by the comparison of the
determined peak areas (1528-1499 cm™) of calibration data set 1 and 2 measured in lab and

calibration data set 1 to 3 measured in the pilot plant (see Fig. 6-27).
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Fig. 6-27: Comparison of calculated peak areas of the calibration samples (peak at 1499-
1528 cm™); Note: nitrogen purge for calibration data set 1-2 (lab) and 3 (pilot plant).

The results indicate that a good reproducibility is given for data sets lab 1 and 2, since almost
no differences of the calculated peak areas are detectable. The pilot plant results without
nitrogen purge, however, show differences up to 10 % concerning the analyzed peak areas
of the same concentration. The results of calibration data set 3 which were measured with
nitrogen purge are, in contrast, in very good agreement to the results of the laboratory
scale. Thus, the main influence for these strong variations (pilot plant data set 1 and 2) is the
presence of water vapor in the spectrometer. This leads to a superposition of the
Paracetamol spectrum and the solvent spectrum with vibration rotation bands of water
vapor, resulting in a minor widening of the Paracetamol peak. Consequently, an increase of
the calculated peak areas can be detected in dependency of the present water vapor

content inside the spectrometer.

In conclusion a very good reproducibility is given in the lab, whereas one has to take a
significantly lower reproducibility into account during pilot plant calibrations if no nitrogen

purge is applied.

A direct calibration transfer from laboratory to pilot plant is possible under specific
conditions, whereas the water vapor content inside the spectrometer is a main factor.
Furthermore, changed operating conditions have to be considered, as for instance more

vibrations, variable spectrometer position, higher temperature differences or an uneven
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temperature distribution along the length of the ATR-MIR probe, weighing and substance
transfer into the vessel. As already shown by Kadam et al. [Kad11] the use of a PLS model
(for the test compound ammonium sulfate in water) developed at lab scale is leading to
biased concentration measurements on semi-industrial scale due to the differences in the

curvature of the fiber optics and an uneven thermal expansion of the probe.

6.2.2.3 Model building: indirect hard modeling (IHM)

Since it is difficult to work in the pilot plant under precisely the same conditions as during lab
experiments, an alternative solution is required to facilitate the transfer of the calibration
model from lab to pilot plant. Therefore, an additional calibration strategy was applied, the
Indirect Hard Modeling (IHM) [Kri08, Engll, AlsO4a, Als04b]. In contrast to soft modeling
techniques such as PLS, IHM is no statistical model, but works with a physically motivated
model of the mixture spectra. Each component in the analyzed mixture (Paracetamol,
solvent, water vapor) is represented by a parameterized peak-shaped model created from
the pure component spectra. The pure component models are subsequently merged into
the spectral model of the mixture. Therefore, even non-linear effects can be captured
through adjustment of the spectral model parameters [Als04a]. Fig. 6-28 shows details of

the peak model.
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Fig. 6-28: Fit of the IHM model (red line) to a measured spectrum (black line) with
contributions of the components (blue lines). Grey lines: Constituent peaks for Paracetamol
hard model.

To compare the application of the IHM for different measurement conditions (water vapor
content, measurement environment, temperature) a calibration model was built with the
spectra of data set Pilot plant 2. The spectra were recorded under isotherm conditions
without nitrogen purge of the spectrometer. The model was validated with independent

data sets recorded in the lab and pilot plant with or without nitrogen purge of the
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spectrometer and applying different temperature ranges. The recovery plot of the model is
shown in Fig. 6-29.
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Fig. 6-29: Recovery plot for the validation of the IHM (Pilot plant 2) with spectra recorded in
the lab (Lab 1) as well as pilot plant (Pilot plant 1/3).

Compared to the recovery plots of the PLS and Pl model (Fig. 6-26) the IHM shows excellent
prediction results also under changing measurement conditions. This is represented by the
validation error (RMSEP) in Tab. 6-11 as well.

Tab. 6-11: IHM transferability and calibration summary (linear calibration model, data set:
Pilot plant 2, RMSEC 0.07) for the validation with spectra recorded in the lab (Lab 1) as well
as pilot plant (Pilot plant 1/3).

Transferability Different Purge Water vapor Temperature Same
measurement content dependency measurement
environment environment

Data set Lab 1 Lab 1, Pilot plant 1 Pilot plant 3 Pilot plant 1/3
Pilot plant 3
RMSEP 0.20 0.27 0.14 0.32 0.26

Definition: RMSEP - root mean square error of prediction

Changing water vapor contents, spectra recorded at different temperatures or under
different measurement conditions (lab/pilot plant) show in comparison to the Pl (see
Tab. 6-9) a reduction of the prediction error up to the factor of four. As it was already shown
in Fig. 6-27 the increased water vapor content which was present inside the spectrometer
for calibration data set Pilot plant 2 leads to an increase of the calculated peak area and
therefore to the prediction of higher concentrations. Consequently, the Pl model Pilot

plant 1 could not be used to predict concentrations of the spectra measured for data set
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Pilot plant 2. According to Tab. 6-11 the IHM, however, allows the prediction of spectra
recorded under different water vapor contents with or without nitrogen purge. The
differences of the calculated prediction errors for the different measurement conditions are

very small.

In conclusion the IHM model can be transferred from the pilot plant to the lab (or vice versa)
without a loss of prediction accuracy. This is highly desirable for industrial applications since
the time needed for calibration model development and validation can be reduced

significantly.

Influence of sensor position

The main difference between the lab and pilot plant experiments, which might has an
influence on the transfer of calibration models, is the positioning of the probe. While in the
pilot plant a recirculation unit is used and the probe is connected in a horizontal position, the
reactor in the lab enables the integration of the probe vertically. To investigate the influence
of the ATR probe position and movement of the probe, the spectra of a saturated solution of
Paracetamol (room temperature) were analyzed for installations of the probe in horizontal
and vertical position. The concentration of the solution was predicted by the IHM as well as

the Pl and PLS model in order to compare the results.

Before the start of the measurements a background spectrum in air was collected at the
same probe position. The black bars in Fig. 6-30 illustrate the influence of the measurement
in horizontal and vertical probe position. The concentrations were predicted by the PLS/PI
calibration model (Lab 2) and by the IHM (Pilot plant 2), whereby the IHM of the lab and
pilot plant lead to comparable results. As can be seen from Fig. 6-30 A & B the difference of
the predicted concentration values by the PLS/PI between the two installation positions
(vertical and horizontal) is about 0.4/0.3 g/100g. When the probe and the fiber optical cable
is further moved without a measurement of a new background spectrum (grey bars) the
predicted concentrations values show further changes compared to the initial values (black

bars).

The different probe positions (vertical or horizontal) influence the bending radius of the fiber
optics which is used to transfer the IR radiation. The effect, that a change of the instruments
operation positioning (curvature of the fiber optics) might influence the measured peak
intensities, is already reported by Kadam et al. [Kad11]. The authors stated that with an
increase in the curvature of the fiber optic cable, the absorption of the radiation inside the
fiber increases. This leads to the reduction in the intensity of the radiations available for the
measurement, e.g. of the N-H bending peak selected for Paracetamol. This effect can be
shown for the predictions of the PI model (N-H bend at 1528-1499 cm™). While the

curvature of the fiber optics is low in case of the horizontal probe installation, the
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installation in vertical position from the top of the reactor leads to an increase of the
bending radius. Therefore, the predicted concentrations in vertical positions are lower in

comparison to the horizontal probe position.

The IHM, in comparison, shows no differences concerning the predicted concentrations.
Neither the change of horizontal to vertical probe position nor the movement of the sensor
without measuring a new background spectrum is influencing the predictions. Consequently,
the model is able to compensate these geometric effects. The application of the model for
different process environments (e.g. lab and pilot plant) is, therefore, confirmed again. A
simple and direct transfer of the IHM from lab to pilot plant is possible by the validation with

a low number of test samples.

The direct calibration transfer of the Pl (PLS) model can be performed if nitrogen flushing of
the spectrometer is applied. However, a lower prediction accuracy has be taken into account
in comparison to the IHM.
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Fig. 6-30: Influence of probe position and moving of the fiber optic cable on the predicted
concentrations calculated by a PLS model (A), Pl model (B) and IHM (C).

6.2.2.4 Crystal Growth

To test the applicability of ATR-MIR spectroscopy to monitor concentrations of the API

online and in real-time (see Fig. 5-6 B) a crystal growth experiment was performed in pilot
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plant scale. The results are shown in Fig. 6-31. The experiment started with a clear solution
at 50 °C (solubility temperature: 48.5 °C). The solution was subsequently cooled down to 42-
43 °C into the metastable zone applying a cooling rate of 0.14 °C/min. During the cooling
process at 45 °C the seeds were added. At 42-43 °C the temperature was kept constant over
time. Please note that the temperature accuracy in the pilot plant (£ 2 °C) is significantly
different to the accuracy in the lab (£ 0.1 °C). The solid line in Fig. 6-31 represents the
predicted concentration values calculated by the IHM (calibration data set: Pilot plant 2). It
can be observed that the concentration of Paracetamol in solution drops directly after
seeding from initially 11.2 g/100g to 9.4 g/100g. For the rest of the experiment the
measured concentration is kept constant. The detected concentration under isotherm
conditions at the end of the experiment is in good agreement with the solubility
concentration at 42.5 °C (9.5 g/100g), which was measured in a previous experiment (see
Fig. 6-13, section: 6.1.4). The results indicate a fast crystal growth of the solid product due to

a high supersaturation at the seeding point.

The predicted concentrations can be used to calculate the supersaturation. The calculated
supersaturation is increasing during the cooling phase up to 1.7 g/100g, drops down after

seed addition and is getting constant at the solubility concentration.

The concentration predictions of the Pl model show a similar trend as the IHM. However,
discontinuities of the predicted concentrations (Fig. 6-31 A) are detectable, which are not
present for the predictions of the IHM. They are induced from small movements of the MIR
fiber optic cable caused by the operator and lead to two sharp concentration jumps (up
0.6 g/100g). The movement of the fiber optics cause, as already shown in section 6.2.2.3, a
change of the bending radius and therefore an alteration of the IR intensity (absorbance).
This shows again that changes in the operation environment have a strong influence on the
accuracy of the Pl model. In comparison the IHM is not influenced by such effects. It can be
observed that the disruptions caused e.g. by vibrations or a changed bending radius of the
fiber optics can be compensated efficiently. Therefore, no discontinuities can be detected in
the trend of the IHM.

This experiment confirms, furthermore, that ATR-MIR spectroscopy is an ideal tool to
monitor the concentrations of Paracetamol in solution in real time. The application of the
IHM enables the accurate prediction of concentrations also under different measurement

environments (e.g. lab and pilot plant), where the application of PLS or PI models is limited.
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Fig. 6-31: Crystal growth experiment performed in the pilot plant: measurement trend (A),
microscopic picture of the seed crystals (B) and crystals after the growth (C).

6.2.2.5 ATR-MIR probe encrustation

In addition to seeded crystallization experiments spontaneous nucleation experiments were
performed in lab and pilot plant scale. In contrast to many optical sensors the ATR technique
is insensitive to the generation of solid particles in the suspension. It is a measurement
technique for the liquid phase and does not depend on scattering in the presence of
particles or dispersed air bubbles [Lew01]. However, the results of some of our lab and pilot
plant experiment lead to the conclusion that during the nucleation process nuclei tend to
adhere at the surface of the ATR probe tip (see Fig. 6-32 A). This leads to the detection of
solid phase in the measured spectra and in consequence to the generation of false
concentration results. Fig. 6-32 B shows the spectral changes during a spontaneous
recrystallization experiment. In order to analyze whether solid phase spectra are detected,

the measured spectra in suspension were corrected by subtracting a spectrum of the solvent
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mixture. The thin black line represents a liquid phase spectra before nucleation. The typical
peaks which originate from Paracetamol can be observed at 1514 cm™ and 1550 cm™
(compare Fig. 6-22). As can be seen from the spectra (peak positions, peak widths),
encrustation of the ATR crystal by solid Paracetamol can be easily detected by the
comparison with a solid-state Paracetamol reference spectrum. Such a spectra comparison
or the calculation and comparison of peak ratios could be used for the online detection of

probe fouling.

According to the literature ATR-MIR probe encrustation is a frequently observed problem.
Borissova et al. [Bor09] and Lewiner et al. [Lew01] related the probe encrustation to the
temperature difference between ATR crystal and surrounding solution. To solve or reduce
the problem of encrustation Lewiner et al. [Lew01] developed a heating device which can be
implemented around the probe at the level of the ATR crystal to decrease thermal
differences. The device is only switched on shortly before the nucleation point is reached,

which prevents fouling at the probe.

During the pilot plant experiments the problem of probe encrustation was not observed or
reduced to minimum (um range) due to the use of the recirculation unit as well as the
horizontal probe integration. Obviously both actions prevent or reduce the effect of ATR

probe clogging.
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Fig. 6-32: Crystals adhere to the ATR-MIR probe head (A) leading to the detection of solid
state spectra of Paracetamol (B).
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6.3 Investigations in solid phase

Besides properties of the liquid phase, information on the solid phase are required to control
and monitor crystallization processes. Important properties are for instance the detection of
the polymorph content (polymorphic form) as well as the monitoring of particle size and
shape. In the following important conclusions are drawn concerning the application of

Raman spectroscopy and Optical Reflectance Measurement.

6.3.1 Raman spectroscopy in a case study with L-glutamic acid

In the following Raman spectroscopy is used to analyze the polymorph content of the model
compound L-GLUTAMIC ACID in water in lab and pilot plant setups. Parts of this section are
published in [Hel13a].

6.3.1.1 Polymorph characterization and calibration of polymorph content

In Fig. 6-33 electron-microscope pictures of the a-and B L-glutamic acid (LGA) are presented.
As can be observed both polymorphic forms exhibit two different characteristic shapes.
While the beta polymorph has a needle-like crystal morphology the alpha form shows a
prismatic crystal shape. Generally the bigger prismatic alpha form is preferred because its
crystal shape is advantageous for a handling in industrial processes (filtration behavior)
[Pur08]. The polymorphs are related monotropically and show a characteristic XRPD pattern,
respectively (Fig. 6-34). Data of the thermoanalytical investigations (DSC and Hot-stage

Raman spectroscopy) are given in the appendix (section 14.18 and 14.22).

LGA alpha

Fig. 6-33: Electron-microscope pictures of a-LGA (A) and B-LGA (B).

Solid state Raman spectra of the two polymorphs of LGA are presented in Fig. 6-35. As can
be seen the polymorphs can be distinguished clearly. Characteristic peaks of the alpha form
for instance can be observed at 1180 or 1078 cm™ while the beta form has characteristic
peaks at 1408 and 803 cm™.
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Fig. 6-34: XRPD pattern of a-LGA (top) and Fig. 6-35: Solid state Raman spectra of a-
B-LGA (bottom). LGA and B-LGA; characteristic independent
peaks are highlighted.

Choice of calibration method

In order to investigate the polymorph content of LGA in suspension a calibration has to be
carried out. The generation of a representative spectral data set is essential to obtain a
reliable and robust calibration model. Basically, two different calibration techniques were
presented in the literature. The calibration can be carried out directly in suspension (1)
[Cai06, Cho08, Wan00] or indirectly by the off-line measurement of solid mixtures (2)
[Ala08, Cor08, Lou06b, Ono04]. Both techniques were tested. First of all, the calibration
technique (2) (binary solid mixture) was applied. For this purpose binary solid mixtures of
the alpha and the beta polymorph were analyzed by Raman spectroscopy. The possibility to
measure the polymorph content of LGA was already successfully investigated by Ono et al.
[Ono04]. The results of different polymorph mixtures which were analyzed by Raman
spectroscopy are shown in Fig. 6-36 A in the range from 1150-600 cm™. As can be seen with
increasing alpha content (decreasing beta content) the alpha peak area or peak height is

increasing while the beta peak area or peak height is decreasing.

For the calibration model building commonly two different methods are applied: 1) the peak
integration (PlI) method [Heb04] and 2) the partial least squares procedure (PLS) [Nad05].
For the calibration of the LGA polymorph content the Pl method was chosen. While the peak
integration is a univariate method the partial least squares enable a multivariate calibration
which includes a complex spectral matrix with information on temperature dependency as
well as on the influence of the used stirrer type or reactor geometry. The more information
on the processes are required, the higher is the rank of the partial least squares model.
Consequently, the PLS model cannot be used for different process conditions, e.g.
measurements of solids and in suspension, even when the influence of the liquid phase on
the spectrum is small for the measurements in suspension. Furthermore, the PLS model

includes spectral information on the used solvent. In comparison to the PLS method the PI
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method has the advantage to be independent of the used solvent as long as the solvent and
sample peaks are not overlapping. For these reasons a peak integration method was
selected to analyze the polymorph content of the binary solid mixtures. The peak integration
model (valid for solid mixtures) might allow transferring the solid phase calibration to the
application in suspension and is independent of the used solvent as long as the solvent and

sample peaks are not overlapping.
Peak selection

In order to test this assumption an alpha and a beta peak have to be selected which are
independent and stable enough in the solid phase and in suspension. For this purpose
different combinations of peak areas of the alpha and beta peaks were investigated
(Tab. 6-12), concerning their root mean square error of prediction (RMSEP), especially, in
suspension and their root mean square error of calibration (RMSEC). Please note that the
prediction error of the solid phase was calculated by applying the test samples “Test suig 1
and 2”. The lowest prediction error (suspension: 0.031 wt%) was found for the peak
combination 1080-1070 cm™ (alpha) and 810-790 cm™ (beta) which is highlighted in
Tab. 6-12 and in Fig. 6-36. Therefore, this peak combination was selected for the further
analysis. While the beta peak is independent and separated from peaks of the other
polymorphic form, the alpha peak is very close to the beta peak at 1060 cm™. Nevertheless,
the integration range includes exclusively the peak area of the alpha form and allows

accurate predictions (see Fig. 6-36).
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Fig. 6-36: Solid state Raman spectra of different mixtures of a- and B-LGA. Ascending order
from low to high alpha content; peak combination with lowest prediction error, according to
Tab. 6-12, is highlighted (A); enlarged view of the integration range used to predict the B-
LGA content (B).
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Tab. 6-12: Calibration results for the combination of different a and B peak areas (the
preferred model is highlighted).

Integration range a | Integration range B | RMSEC RMSEP RMSEP R?
polymorph /em™ | polymorph / cm™ solid suspension | Calibration
1080-1070 810-790 0.016 0.016 0.031 0.998
1015-1000 810-790 0.011 0.012 0.071 0.999
630-610 810-790 0.024 0.024 0.173 0.998
1080-1070 1415-1395 0.035 0.036 0.073 0.999
1080-1070 720-695 0.011 0.016 0.079 0.972

Definitions: RMSE(C,P) - root mean square error (of calibration/prediction), R’- coefficient of determination

Comparison of Pl and PLS model

Comparing the Pl model for solid mixtures (results shown in Tab. 6-12) and a PLS model
(rank 5) for the solid mixtures no important differences concerning the calibration (PLS:
RMSEC=0.016, R*=0.998) and prediction error (PLS: RMSEP=0.019, test solid 1 and 2) are
detectable. Both models show a good recovery rate (see Fig. 6-38 for Pl and appendix
section 14.24 for PLS). The differences of the predictions determined in duplicate (n=2) of
the test set solid 1 or 2, however, are higher for the PLS model (up to 1.3 wt% difference for
a duplicate determination) than for the PI model (up to 0.06 wt% difference for a duplicate
determination) (data are given in the appendix section 14.24). The complex spectral matrix
which is included in the PLS calibration model, depending on the process conditions and

physical properties of the compound, might cause this differences.

Influence of liguid phase

Since Raman spectroscopy measurements in suspension are always influenced by both the
solid as well as the liquid phase it has to be tested whether the alpha and beta peaks are
influenced by the liquid phase measurements. The results, which can be seen in Fig. 6-37,
indicate that the selected peaks 1070-1080 cm™ for alpha and 790-810 cm™ for beta are
sufficiently constant and independent with respect to the liquid phase. The low influence of
the solute on the solid phase spectrum can be explained by the relatively small solubility of
LGA in aqueous solutions. Furthermore, water as solvent hardly influences the Raman
spectra, since it is a poor Raman scatterer [Pel99]. Consequently, the selected peaks can be
used to build a calibration model not only for solid phase measurements, but also for the

measurements in suspension.
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Fig. 6-37: Influence of liquid phase measurements on the solid phase Raman spectra of a-
and B-LGA, data are given as a content.

Calibration model transfer from solid phase to suspension

The calibration model building for suspension was carried out by calculating the peak ratio
(o/(a+PB)) of the alpha and the beta peak area using the software PEAXACT (S-PACT GmbH).

The resulting recovery line can be seen in Fig. 6-38.
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Fig. 6-38: Recovery line constructed by the calculation of peak area ratios (a/(a+B)); a peak
area from 1070-1080 cm™ and B peak area from 790-810 cm™.

As can be observed from the coefficient of determination (0.998, see Tab. 6-12) the model is

of good quality. The limit of detection (LOD) and of quantitation (LOQ) were calculated by a
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statistical approach according to Funk et al. [Fun85] for the calculated peak ratios of the solid
state measurements (train g, N=3). The LOD and LOQ values were found to be 0.06 and
0.09, respectively. Detailed information on the calibration curve and its confidence
boundaries are given in the appendix (section 14.23). The graph in Fig. 6-38 shows the data
which are used to perform the calibration (training samples) as well as test samples of the
solid phase (test set 1 and 2) and the suspensions which were used for the calculation of the
prediction error. As can be seen from Fig. 6-38 and from Tab. 6-12 the prediction errors in
suspension are approximately two times higher than the predictions of the solid phase. Due
to the lower measurement intensity of the spectra in suspension the contribution of noise
increases in comparison to the spectra of the solid state. This leads consequently to an
increase of the prediction error, whose extent is determined by the peak selection as well.
Furthermore, errors are caused by the different suspending behavior of the two polymorphs
in suspension. While the needlelike beta polymorph with small crystal sizes can be
suspended also at low stirring speed, the big orthorhombic alpha crystals tend to settle to
the ground of the reactor. Therefore, often a lower alpha content is detected. In the present
study the reduction of sample inhomogenity-related errors (sedimentation of a crystals)
could be achieved visually by the experimental selection of a suitable stirrer type (of

sufficient size), position and speed.

To compare the preferred PI calibration model of the solid state (highlighted in Tab. 6-12)
with the results of suspension measurement a calibration model for suspensions was
developed. Since the polymorph mixture is not stable in suspension (dissolution of a and
polymorphic transition) only the first measurement (60 s after crystal addition) was used for
model building. The calibration data (peak area vs. true content) are given in the appendix
(section 14.25). The resulting coefficients of determination (R?=0.867) indicate that
fluctuations of suspension measurements are higher in comparison to the solid state
(R?=0.998, Tab. 6-12) which might mainly be caused by the polymorphic transition but also
by a lower number of samples. Nevertheless, the recovery rate of the suspension
measurements (shown in the appendix section 14.25) is good. The RMSEC (peak ratio) and
root mean square error of cross validation (RMSECV) are with 0.028 and 0.034 not
significantly different in comparison to RMSEP in suspension (0.031, Tab. 6-12) predicted by
the solid state calibration model (RMSEC=0.016, Tab. 6-12).

The data show that a calibration in suspension is possible, however, a lower accuracy has to
be taken into account in comparison to solid state measurements. Furthermore, it could be
demonstrated that calibration models developed for the solid phase can be transferred to
suspensions under specific conditions (which will be discussed in section 6.3.1.4) if a peak
ratio of the two polymorphs is used (according to Eq. 1 shown in the appendix section
14.23).
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6.3.1.2 Production of a-LGA

Laboratory scale

The production of the initial metastable alpha polymorph (used as seed crystals) was
performed according to a method of Ono et al. [Ono04]. In their study cooling was
performed from 80 °C to 25 °C in 20 minutes. In this study, however, the process has to be
transferred to a pilot plant scale, where the cooling rate is limited for technical reasons.
Therefore, cooling was performed in the lab from 95 °C to 20 °C in 40 minutes. As already
shown by Kaneko et al. [Kan94] various factors have an influence on the polymorphic
content and purity of the solid product during a cooling crystallization process. In addition to
the initial concentration, the solvent and the used cooling rate [Kan94] also the stirring
conditions have to be considered. Therefore, it is not surprising that the modification of the
cooling rate leads most often to the nucleation of an unwanted polymorph mixture. Due to
this limitation the crystallization process of Ono et al. [Ono04] had to be modified in order to
produce the pure alpha form and no polymorph mixture. For this purpose, the initial
concentration was increased from 4.8 g/100g to 6.7 g/100g. Furthermore, the addition of a
small amount of alpha seeds was necessary (0.05 wt% at 50 °C) to produce reproducible the
alpha polymorph. A higher concentration is resulting in a higher process temperature regime
(which is related with the input of more energy) needed for the complete dissolution of the
material, however, leads also to a higher supersaturation during the cooling step which is
the driving force of the crystallization [Mul01]. Kitamura [Kit89] investigated already the
controlling factors of polymorphism in cooling crystallization of L-glutamic acid and found
that temperature has a significant impact on the polymorphic form of the crystals. Higher
temperatures and slow cooling rates facilitate the nucleation of the stable f form. Rapid
cooling procedures and low temperature, however, lead to the formation of the metastable

a polymorph.

Since this procedure has to be transferred to a technical scale, the stability of the produced
alpha crystals in suspension was tested. The resulting calculated polymorph fractions are
shown in Fig. 6-39. During the first two hours the solution was cooled and the seeds were
added, followed by the crystallization of the alpha form. Subsequently, the temperature of
the suspension was kept constant at 20 °C for 12 hours. As can be seen the predicted alpha
fraction remains constant during the whole measurement time, however, is fluctuating in a
wide range from 0.86 to 0.97. From Fig. 6-38 in section 6.3.1.1 (recovery curve of solids and
suspensions) it can be observed that the predicted alpha content in suspensions for previous
experiments (calibration) is 0.97 at a theoretical content of 1. The fluctuations of the
predictions in the stability experiment might be caused by a low suspension density as well

as by the sensitivity of the calibration model since the LOQ (solid state) is 0.09. Furthermore,
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the particle size might have an influence, since higher particle sizes reduce the optical
density of the suspension in comparison to smaller particles. The effect of suspension

density and particle size will be discussed in detail in section 6.3.1.4.
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Fig. 6-39: Predicted a-LGA solid fraction during the production (00:00-02:24) and test of
stability in suspension at 20 °C (02:24-14:24).

In conclusion, the stability of the alpha crystals in suspension at 20 °C for at least 12 hours

could be proven. The result was verified by offline XRPD measurements as well.

Pilot plant: considerations and remarks

In pilot plant and industrial scale setups the use of high cooling rates is limited. Therefore,
cooling ramps were performed from 98 °C to 25 °C within 152 minutes, which increases the
cooling time by 110 minutes in comparison to the lab experiments. The seed crystals
(0.05 wt%) were added at a temperature of 80 °C. Fig. 6-40 represents characteristic Raman
peak heights during the production process of a-LGA. The beta peak height is decreasing
with increasing temperature and remains constant at an inside vessel temperature of 89 °C.
This point is not consistent with the solubility temperature (approximately 95 °C) (data are
given in section 6.1.3), which was determined in a previous pilot plant experiment. As can be
seen in Fig. 6-40 there is a difference between the measured internal and bottom outlet
temperature of up to 26 °C. Therefore, it can be concluded that this difference is caused by
encrustations of crystals at the bottom of the reactor. Consequently, this effect lowers the
detected solubility temperature measured in the closed loop and leads to the generation of
falsified results. As soon as the encrustation is dissolved the measured internal and bottom

outlet temperatures are equal.
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During the cooling cycle the Raman alpha signal starts to increase at 50 °C, while the beta
signal remains constant. Shortly after this point of nucleation detected by Raman
spectroscopy the difference between internal and bottom outlet temperature starts to
increase again. This confirms again that alpha crystals settle at the bottom of the reactor.
Nevertheless, the purity of the produced a-LGA crystals is of good quality. In further
experiments the extent of settled crystals could be reduced by increasing the stirring speed

of the anchor stirrer from 80 rpm to 120 rpm (maximum available speed 140 rpm).
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Fig. 6-40: Production of a-LGA by a modified cooling crystallization process, seeding at 80 °C.

6.3.1.3 Monitoring of the phase transformation

Laboratory scale

To test the application of the developed PI calibration model (from solid mixtures) in
suspension a phase transition experiment was carried out in the lab as well as in the pilot
plant. In the first step of the process the a-LGA was produced by a seeded crystallization
procedure. Subsequently, the a polymorph was transformed to the more stable B form. In
Fig. 6-41 the measurement results of the lab experiments can be seen. A suspension of B-
LGA and water was heated up. The calculated beta fraction is decreasing with increasing
temperature, since the suspension density is decreasing leading to a lower prediction
accuracy. As can be seen from the laboratory experiment shown in Fig. 6-41 the predicted
polymorph fraction after and prior to the presence of particles (clear solution, time from
00:30-01:00) is under- or overestimated. This is not unexpected since the calibration samples
cover exclusively suspension measurements which have significantly different spectra in
comparison to solution spectra. Directly after the addition of alpha seed crystals (0.05 wt%)

at 65 °C the crystal growth of those alpha form takes place. The predicted alpha content is in
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maximum 0.97. Immediately, after the production of the alpha crystals the conversion to the
thermodynamic stable beta form takes place which is indicated by a decreasing
measurement trend of the alpha form. The transformation rate is promoted by heating up to
55 °C. The total transformation time is 5 hours. At the end of the conversion the predicted
beta (0.94) and alpha (0.06) content remain constant. Furthermore, the transformation
process is confirmed by off-line sampling and microscopic investigations (see Fig. 6-41 B-D).
After the first step of the experiment the big orthorhombic alpha crystals are present (B).
During the transformation the needlelike beta crystals start to nucleate on the surface of the
alpha crystals, according to (C). After a time of 06:30 only the thin needlelike beta crystals

are visible via microscopy (D).
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Fig. 6-41: Production of a-LGA as well as polymorphic transformation to B-LGA monitored by
Raman spectroscopy during a lab experiment: measurement trend (A), microscope picture of
a-LGA (time: 02:00) (B), of the polymorphic transformation (time: 04:00) (C) and of the
transformed B-LGA (time: 08:00) (D).

In addition to the information on the solid phase (polymorph content) inline Raman
spectroscopy enables to analyze the substance concentration qualitatively (see Fig. 6-41) by
monitoring the peak area from 867-838 cm™ of the normalized and baseline (Two Point

Baseline at 867 cm™ and 838 cm™) corrected Raman spectra. The dependency of the Raman
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peak intensities with changing liquid phase concentration is shown and will be discussed in
section 6.3.1.4. The concentration trend during the transformation of LGA is in excellent
agreement with the expected behavior and the results shown in the literature, e.g.
measured by ATR-MIR- or UV-Vis spectroscopy [Kit89]. In the beginning the concentration is
increasing until all crystals were dissolved. At 65 °C the seed crystals were added followed by
the crystal growth of the alpha polymorph, were a sudden decrease of concentration is
detectable. During the conversion process the concentration remains almost constant for
the first 1.5 hours after heating up to 55 °C. Subsequently, a slight decrease of concentration
is detectable. This is due to the solubility differences of the alpha and the beta form. Since
the metastable alpha polymorph has a higher solubility, the concentration is decreasing

during the transformation to the stable beta form.

It should be noted that concentrations measurements with Raman spectroscopy in
suspensions cannot be performed quantitatively. The Raman scattering is always influenced
by both phases (solid and liquid), whereby the scattering of solid phase particles is a very
complex process depending on particle shape, number and size [Rei03, Wan02, Wik06]. For
guantitative calibrations of solute concentration all these aspects need to be calibrated,
which would be highly time consuming. For quantitative measurements of concentration,

therefore, always other methods are used as for instance ATR-MIR spectroscopy.

From the measurement it can be concluded that the change of the polymorphic content can
be monitored in dependence of time by Raman spectroscopy. This is confirmed by the
measured test samples in suspension (results shown in Fig. 6-38) as well as by publications
of different authors [Ono04, Sch06, Cor08]. The technique enables to determine the end
point of polymorph conversions and allows the identification of the fundamental mechanism

that governs the transformation process.

Pilot plant scale

In the previous section the successful application of a solid state Pl calibration model in
suspensions at lab scale, was shown. In general it would be beneficial to use this calibration
model developed in the lab for the processes in the pilot plant scale. This would minimize
the efforts needed for model development and model validation. In the following, the usage
of the PI solid state calibration model to predict the polymorph fractions in suspensions at
pilot plant scale will be reported. As in lab scale in a first step of the experiment the alpha
crystals are produced and in a second step the material is transformed to the more stable
beta form. The main difference between the setups of lab and pilot plant experiments is the
probe position. While the probe in the lab is integrated in a vertical position directly in the
reactor, in the pilot plant a closed loop connected to a pump is used and the probe is

installed horizontal in an external access unit. The pilot plant results are shown in Fig. 6-42.
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Fig. 6-42: Production of a-LGA as well as polymorphic transformation to f-LGA monitored
by Raman spectroscopy during a pilot plant experiment.

As can be seen from the results presented in Fig. 6-42 (section 6.3.1.3) the measurement
trends are similar to the laboratory trends. Raman spectroscopy enables also in a technical
scale to detect the solubility point of the B-LGA as well as the nucleation point of a-LGA. The
transformation process and its end point can be determined precisely. As for the laboratory
experiment the transformation in the pilot plant was finished after approximately 5 hours.
The predicted solid fraction of the pure crystallized alpha form (at 03:00) is 0.95-0.97. The
predicted beta solid fraction at the end of the conversion process (constant signal, only
needle-like B crystals detectable) is 0.87-0.88. The complete transformation to B-LGA was
confirmed by sampling and offline XRPD analysis. The deviation of the predictions derived
from the inline measurements to the true polymorph content (almost 1) is with 0.12-0.13
relatively high. Compared to the results of the lab experiments at the end of the
transformation (B content 0.94) the predictions show significant differences. In conclusion,
this means the calibration model can be used to get information on the solid and the liquid
phase in the pilot plant as well. The fluctuations of the measurement trend and deviations of
the predictions, however, are higher compared to the results in the lab. Due to technical
problems, the stirring was interrupted several times from 04:00-05:00 (see Fig. 6-43) in the

pilot plant. Therefore, this range shows particular high fluctuations.

Considering the measured inner vessel temperature and the bottom outlet temperatures
during the transformation process in the pilot plant (Fig. 6-43) it can be observed that at

time of approximately 06:30 (approximately 45 min before the end of the transformation
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time) an increase of the bottom outlet temperature takes place. It might be assumed that an
encrustation at the bottom of the reactor is responsible for these temperature changes. Due
to the settling crystals the heat provided by the reactor jacket cannot be distributed leading
to an increased bottom outlet temperature. The fluctuations of the bottom outlet
temperature in the time range from 04:00-05:00 can be explained by the interruptions of
stirring. As soon as the stirring is provided continuously the bottom and the inside vessel
temperature are almost equal. The encrustations at the end of the experiment lead in
consequence to a reduction of suspension density, which strongly influences the prediction
accuracy of the applied calibration model. This leads to the prediction of solid fractions with
high deviations to the true values. The influence of the suspension density on the Raman

spectra will be discussed in detail in section 6.3.1.4.
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Fig. 6-43: Temperature and stirring speed during the transformation process in the pilot
plant shown in the time range from 03:20-07:50.

In addition to the Raman probe a NIR probe as well as an UV-Vis probe was installed to the
repump cycle to monitor the phase transition process of LGA. The results are shown in
Fig. 6-44. For the UV-Vis spectroscopic measurements the absorbance at 500 nm was used
to extract information on the process. The presence of particles leads to an increase of
absorbance. The NIR spectroscopic measurements were performed by a transflection probe.
The evaluation of the peak area from 9700-10800 cm™ allows to get information on the
process. The presence of particles results in a decrease of the calculated peak area. Both
techniques (UV-Vis and NIR spectroscopy) are influenced by the suspension density and the
particle size since the measurement principle is based on the weakening of light through a

measurement stretch. In comparison to the UV-Vis probe the NIR transflection probe
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enables to detect the transmission as well as the backreflection of light. Since the suspension
density is almost constant only the particle size (distribution) and shape is changing during
the polymorphic conversion process. These particle properties are influencing the light
scattering. Larger particles (a-LGA) produce more 180° backscattered light in comparison to
smaller particles (B-LGA). Concerning the UV-Vis spectroscopy this effect leads to a lower
nonspecific absorption with increasing particle size. For the transflection NIR probe, which
detects in addition the backreflection, increasing particle sizes result in an increase of
nonspecific absorption. The sensitivity of NIR- and UV-Vis spectroscopy makes it a powerful
technique for the inline monitoring of phase transitions as long as the polymorphs show
differences of particle size (distribution) and/or shape. Both techniques deliver information
on the presence of particles (solubility and nucleation points) as well as on the end-point of
the conversion process without time-consuming calibrations. In comparison to Raman
spectroscopy the application of these techniques represents an inexpensive alternative to

monitor phase transitions.

An excellent agreement between the results generated by Raman spectroscopy and NIR- and
UV-Vis spectroscopy can be observed concerning the detection of solubility and nucleation
point and the end point of polymorphic transition. As already shown in section 6.1.3 UV-Vis
spectroscopy has a higher sensitivity for the detection of present particles and therefore

allows the determination of solubility and nucleation temperatures with higher accuracy.
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Fig. 6-44: Production of a-LGA as well as polymorphic transformation to B-LGA monitored by
Raman spectroscopy as well as NIR and UV-Vis spectroscopy during a pilot plant experiment.
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6.3.1.4 Influence of process parameters

During a phase transformation experiment the presence of different polymorphs and their
solid fraction is the major process variable which is influencing the Raman spectra. However,
also suspension density, particle size, temperature and the concentration can influence the
quality of the spectra. The Raman scattering signal results from the liquid and the solid
phase. Hence, there are numerous factors influencing the measurement, which makes the

guantitative application more challenging.

Suspension density

The influence of suspension density of B-LGA on the Raman spectra is shown in Fig. 6-45.
With increasing density the beta peak height is increasing, leading to a better spectra quality
and to a lower signal-noise ratio. Fig. 6-46 illustrates the predicted solid fraction of the pure
beta polymorph using different suspension densities ranging from 1-4.5wt%. With
increasing suspension density the difference of the predicted value to the true value (1.0) is
decreasing. Especially for suspension densities lower than 3.0 wt% a strong decrease of the
predicted solid fraction is detectable. This can be explained since the Raman signal intensity
scales linearly with the amount of scattering material per unit volume [Cor08]. In conclusion,
from the prediction for suspension densities from 1-4.5 wt% at least a suspension density of

3 wt% is necessary to get accurate prediction results with the developed calibration model.
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suspension. suspension.

The effect of suspension density during the recrystallization of B-LGA is shown in detail in
Fig. 6-47 A. A solution of LGA was heated up until everything was dissolved and
subsequently cooled down. During the cooling ramp the nucleation starts at the surface of

the probe tip leading to their complete encrustation (B). Comparing the predicted solid
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fraction at the beginning (beta: 0.90) and at the end of the experiment (beta: 0.97) it can be
proven that due to the higher particle density at the probe tip after encrustation a higher
prediction accuracy can be achieved. Consequently, effects like sedimentation of particles or
encrustations will lead to a reduced measurement accuracy not only during measurements

in an external excess unit (pilot plant), but also during inline measurements (lab).
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Fig. 6-47: Recrystallization experiment of B-LGA in the pilot plant (A) with encrustation of the
Raman probe tip (B) due to the onset of nucleation.

Particle size

In dynamically changing processes particles are continuously changing in surface quality,
overall solid concentration, reflectivity, shape and size. From a measurement accuracy
perspective, these changes represent a challenge. Comparing the fluctuating a-LGA
predictions presented in Fig. 6-39 (section 6.3.1.2) and the results shown in Fig. 6-41 (section
6.3.1.3) it can be observed that in the beginning of the experiment, at a time of 2 hours
(Fig. 6-41), the fluctuation of the pure alpha form is higher in comparison to the end of the

experiment at a time of 9 hours (Fig. 6-41), where the beta form is present. Since this two
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polymorphs differ strongly in shape and particle size it might be assumed that a big particle

size causes higher fluctuations of the signal in comparison to smaller particle sizes.

In order to investigate the effect of particle size on Raman spectroscopy different particle
size distributions were obtained by cascade sieving. Subsequently, the sieve fractions were
analyzed as dry powders as well as in suspensions. The effect of particle size in suspension
on the measured peak intensity of the beta polymorph is shown in Fig. 6-48 by a lab

experiment using a MR Immersion optic probe with a laser spot size of 150 um.
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Fig. 6-48: Influence of particle size on the measured Raman spectra in suspension.

The peak at 750 cm™ shows no influence of particle size since it belongs not to the solid
phase but to the solvent. The peaks at 803 and 870 cm™, which are characteristic for the
beta form, show with decreasing particle size an increase in Raman intensity. Therefore, a
higher beta content is predicted with decreasing particle size (see Tab. 6-13). This behavior
was already presented in literature by various authors for other compounds [Rei03, Wan02,

Wiko6].

Tab. 6-13: Influence of particle size on the measured Raman spectra in suspension.

Particle size / pm Predicted beta fraction Predicted alpha fraction
Original (largest size) 0.9441 0.0559
160-90 0.9534 0.0465
<63 0.9676 0.0324

In comparison to the results generated by the immersion probe the off-line measurements
of the solid phase by a PIAT probe with a laser spot size of 6 mm show no influences by the

particle size (spectra and predictions shown in the appendix, section 14.27). The effect of
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particle size and shape has only rarely been investigated and studied and it has been
proposed that the particle size effects depend on the type of optics which is used for Raman
spectroscopy [Wan02, Wik06]. The differences between small spot size probes and big spot
size probes in terms of sensitivity to particle size effects and prediction accuracy can be
explained most likely by differences in sample/detection volume. Thus, when a larger sample
volume is analyzed (much larger than the particle size) the relative number of each particle
becomes less significant and the spectrum is more representative of the mass fraction
[Wik06]. This assumption might explain the differences between the analyzed polymorph
mixtures in suspension (immersion probe with smaller spot size) and in solid mixtures (PhAT-
probe with big spot size). Wikstrom et al. [Wik06] for instance reported an error up to 20 %
for the usage of a small spot size probe and compounds with extremely different particle
sizes, as they are present for the investigated compound LGA. In this study, however, the
error is around 3.1 % for suspensions (which differ in particle size) and even lower (1.6 %) for
solid state measurements. Therefore, it can be assumed that the influence of particle size for
the used Raman spectrometer, the investigated model compound and its calibration model
is small. Furthermore, the measurements in suspension can be affected by sample
inhomogenity-related errors as the flow conditions of the particles in suspension. During
stirring the centrifugal force throws bigger particles outwards towards the wall of the
reactor or to the bottom, while smaller particles are well distributed also in the middle of the
reactor, where the probe is located. This effect is reducing the probability of a big particle to
pass the detection volume of the Raman probe (to be in front of the probe window), which
reduces the detected intensity. It is assumed that a particle separation takes place in
dependence of the particle size. During the experiments in the pilot plant a recirculation unit
was used in addition to the stirrer. The repump might improve the homogenization process
since bigger particles which tend to settle or to throw out by stirring are recirculated by

pipes from the bottom of the reactor to the top.
Concentration

Since Raman scattering is based on the solid as well as the liquid phase properties, both
phases have to be considered for the quantitative application of Raman spectroscopy. As it
can be seen in Fig. 6-49 bands of LGA characteristic for the solution increase for an
increasing liquid phase concentration and could in principle be used for solute concentration
estimation in homogeneous processes (without particles). The two-point baseline corrected
peak area from 838-867 cm™ derived from the measurements in clear solution, enable to
generate a linear calibration model with good quality. In heterogeneous processes, however,
the solid and the liquid phase can interact leading to the overlapping of peaks. Furthermore,
the presences of particles which differ in size, shape and suspension density are affecting the

available detection volume and have a higher Raman scattering potential in comparison to
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the liquid phase and amorphous solids. Therefore, the model could not be used
guantitatively in suspension, but was applied to analyze the concentration qualitatively

during the phase transformation process.
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Fig. 6-49: Influence of LGA concentration on the measured Raman spectra in solution.
Ascending order from low to high concentration.

Temperature

The influence of temperature was investigated by Hotstage-Raman experiments. A

representative section in a temperature range of 28 to 100 °C is presented in Fig. 6-50.

With increasing temperature the predicted beta solid fraction is slightly decreasing. The
difference, however, is with 0.007 very low and can therefore be neglected. More
information on the results of Hotstage Raman spectroscopy are given in the appendix
(section 14.22).
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Fig. 6-50: Influence of temperature on the predicted beta solid fraction.
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6.3.2  Optical reflectance measurement

Similar phase transition experiments of L-GLUTAMIC ACID (a LGA->B LGA) were performed
in @ 30 mL scale and monitored by an advanced particle analyzing system (APAS) which is
based on optical reflectance measurement and by turbidity. The results can be seen in the
appendix (section 14.29). In comparison, to Raman spectroscopy the optical reflectance
measurement does not allow to extract quantitative information on the polymorph content
but on the exposed particle surface area (as a measure of particle size). Based on the size
and shape differences the end point of transition can be determined. In comparison to
turbidity the ORM enables an estimation of particle size from the measured particle surface
area. Due to the random orientation of suspended particles and the random location of the
laser beam, a direct correlation between particle size and the measurement signal of sensors
such as ORM, FBRM and APAS is difficult. Although many research efforts have been
directed at the determination of particle sizes from the measured chord length [Ruf00,
Wyn03] so far no generally applicable solution has been proposed. For industrial purposes it
is therefore recommended by Scholl et al. [Sch12] to use the chord length directly as

fingerprint of the process instead of extracting a particle size distribution.

Under real conditions crystal growth is always related with breakage. Therefore, it is
important, especially, for fragile crystals to monitor effects such as the breakage of crystals
and to distinguish these effects from nucleation and crystal growth. To test this applicability
a solution of B-LGA was cooled into the metastable zone width and subsequently seed
crystals (mass 0.1 wt%, dry crystals with a size of 63-90 um) were added into the
supersaturated solution (supersaturation 0.5 g/100g). The results are presented in Fig. 6-51.
After seed crystal addition the temperature was kept constant for 1 hour. As can be seen the
number-weighted d90 starts to increase until a time of 02:45. Subsequently, the d90 is
decreasing (isotherm step) and starts to increase again after a time of 03:08 as soon as a
further cooling was performed. The effect of the decreasing d90 can be explained by a
crystal breakage upon consumption of the supersaturation in the isothermal step, since the
material is needle-like and fragile. The measurement trend of the count number (APAS) and
the turbidity probe are in good agreement. However, only the APAS allows to distinguish the
crystal growth and the breakage of LGA crystals. The turbidity sensor measures the
weakening of the light and is influenced by the change of the suspension density but also by
the particle size/shape. Consequently, the growth of the crystals and the increasing
suspension density leads to a decrease of transmission. Due to the low sensitivity of the
turbidity measurement technique to detect changes in the size or the shape of the particles
at high suspension densities (actual suspension density approximately 6 wt%), no differences
can be detected in the isotherm section of the experiment, where crystal breakage is

dominant. This sensitivity differences between turbidity and APAS can be demonstrated,
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furthermore, by the moderate increase of counts (APAS) directly after the addition of the
seeds (suspension density 0.1 wt%), while the turbidity signal shows only a fast decrease. In
conclusion, the APAS technique can be used not only to analyze polymorphic transitions or
the metastable zone width but also to monitor the crystal growth or to investigate unwanted
effects such as the breakage of crystals. Problems can arise due to the presence of air/gas
bubbles, which adhere to the crystal surface and therefore lead to the detection of higher
particle sizes and numbers. Further information about this problem and possible solving

approaches are given by Helmdach et al. [Hel11].
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Fig. 6-51: Crystal growth and breakage of B-LGA monitored by APAS and turbidity.
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6.4 Access unit design in the pilot plant
The use of an external access unit in the pilot plant has the following advantages:

1) To integrate PAT tools in a pilot plant or industrial scale no modifications of the
existing reactor setup are required. This saves valuable time and also costs which
would have been necessary for the reactor modification.

2) The access unit design allows using the “small” laboratory probes in the pilot plant
setup. Therefore, additional acquisition costs for new devices can be saved.

3) The use of sight classes in the flow-through cell gives the possibility to examine the
product flow visually. Consequently, errors and possible system faults such as probe
fouling can be registered and eliminated early.

4) The access unit is modular in nature which allows installing various PAT tools at the
same time and to add or remove sensors as required.

5) The access unit can be transported from one location to another. Therefore, it can be
used also for different reactor designs and sizes.

6) Good flow conditions through the access unit ensure that the measurements by the

PAT tools are representative of the conditions in the crystallizer.

Apart from the numerous advantages also some drawbacks have to be taken into account
for the use of an external flow-through cell connected to a pump. In order to investigate the
influence of a recirculation unit on the physical properties of the recrystallized product a
solution of PARACETAMOL was crystallized without recirculation (cooling rate 0.2 °C/min,
stirring speed 80 rpm) and in a further experiment with the use of the recirculation unit
under the same conditions. Besides the influence of recirculation (in the pilot plant) the
effect of suspension inhomogeneities and stirring, which might be present during lab and
pilot plant experiments, is investigated. To get an inside of the crystallization experiments

the solubility and nucleation points were monitored by turbidity.

Influence of recirculation

As can be seen from the scanning electron-microscopic pictures in Fig. 6-52 A & C & D the
recirculation of the suspension leads to an enormous reduction of particle size in comparison
to the product which was recrystallized without recirculation. This was confirmed by laser
diffraction measurements. While the dgg without recirculation is 1398 + 26 um (refer to
Tab. 6-14), the particle size is reduced by more than the half to 512 + 21 um (experiment 2)

and 450 + 30 um (experiment 3) when the recirculation unit was used.

According to the results shown in Tab. 6-14 the recirculation of the suspension has no effect
on the solubility point but on the nucleation point. The nucleation point without

recirculation is 36 °C. The recirculation leads to an earlier initiation of the nucleation and
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therefore to an increase of the nucleation temperature to 40 °C (experiment 2) and 41 °C
(experiment 3), respectively. At this point it should be note that a small temperature
difference of the inside external access unit temperature and the inside vessel temperature
is present, which leads to lower temperature in the access unit during the cooling cycle.
Consequently, the potential arises that the nucleation is initiated at “cooler” parts of the
flow-through cell. This phenomenon can be reduced by a better isolation or a heating of all
parts of the recirculation unit. More likely is, that the effect of increasing fines, the rounding
of the crystals and the increase of nucleation temperature is induced by secondary (contact)
nucleation, which results from the collision of crystals with moving parts of the pump.
According to Ulrich [UIr81] is collision breeding the most frequently observed and dominant
secondary nucleation mechanism in the majority of crystallization processes. For the scale
up and the optimization of processes this effect has to be considered, since the particle size
can influence the product properties (e.g. solubility or bioavailability) but also might have an

impact on downstream processes (e.g. filtration, milling).

Influence of suspension inhomogeneities

Excluding of the stirring during recirculation leads to a further reduction of the particle size
to 349 + 24 um and to a rounding of the crystals as can be seen in Fig. 6-52 E. This effect
results from the sedimentation of the crystals at the bottom of the crystallization vessel,
leading to an increased attrition and breakage. In consequence a higher roughness and
crystal rounding can be detected compared to the stirred experiments. Besides the rounding
of the crystals a higher degree of inclusions can be observed which is not present for the

products of the previous experiments.

Furthermore, it can be detected from experiment 4 (recirculation, 0 rpm, 0.2°C/min) that a
minor increase of the nucleation point from 40 to 42 °C is detectable, compared to the
results of experiment 2 & 3 (recirculation, 80 rpm, 0.2 °C/min), which might be due to

secondary nucleation mechanisms.

Influence of stirring (anchor stirrer)

The stirring for 12 h after the recrystallization experiment (Exp 1a) at 0 °C and 230 rpm
without recirculation does not result in a significant reduction in particle size (dgg difference
~ 350 um). Notable, however, are the increase of the surface roughness and the rounding of
the crystals, which might be due to attrition and crystal breakage. Especially, the anchor
stirrer seems to cause high thermo-mechanical stress of the crystals, which might increase

the crystal defect density as well [Mee02].
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Consequently, attrition to the reactor wall, sedimentation effects, stirrer geometry and
speed but also moving parts of the pump are reasons for the formation of more fine crystals.
As already shown by Ulrich [UIr81] one of the main influences is caused by shocks with
moving parts (e.g. the stirrer) which have comparable high tip speeds. These reasons can
change the particle size distribution of the product dramatically and might lead to scale up

problems, depending on compound and its further use.

Fig. 6-52: SEM pictures of the recrystallized products: crystallization without recirculation
(dgo = 1398 + 26 um) (A); stirring of the recrystallized product (Exp 1) for 12h at 230 rpm and
0 °C without recirculation (dgp = 1021 + 156 um) (B), crystallization with recirculation
(dgo =512 +21 um) (C), second crystallization with recirculation (dgg = 450 * 30 um) (D),

crystallization with recirculation, but without stirring (dgg = 349 + 24 um) (E) .

Tab. 6-14: Influence of the recirculation unit on the saturation and nucleation temperature
as well as on the particle size (dgg value).

Experimental conditions: recirculation (Y/N), | Saturation point [°C] Nucleation point [°C]  dgg [um]
stirring speed, cooling rate

Expl :N, 80rpm,0.2°C/min 48 36 1398+ 26
Exp 1 a: N, 230 rpm, 0.0 °C/min - - 1021 + 156
Exp2 :Y, 80rpm,0.2°C/min 47 40 512+ 21
Exp3 :Y, 80rpm, 0.2 °C/min 50 41 450+ 30
Exp4 :Y, Orpm, 0.2 °C/min 48 42 349+ 24

Definitions: Y - Yes, N — No
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7. Overview of the results

The results presented here should help to select suitable PAT tools which can be used for a
fast understanding and development of crystallization processes of APIs at lab as well as
industrial scale. In Fig. 7-1 an overview concerning the applied online analytical
measurement techniques and the investigated model compounds within this work is given.
As can be seen 7 different devices were used in order to investigate the solid and liquid
phase properties of 12 pharmaceutical compounds and 1 inorganic material. Tab. 7-1

summarizes some facts of the main and most important results.

® Laboratory Scale
APAS 4| (O Pilot plant scale

®

ATR-MIR{ O
Turbidity and NIR
UV-Vis -

Raman -

Ultrasound -

Used measurement techniques

® O ® @
.

® ®@ O O @®
.
.
.

®
.
°
°

Acetylsalicylic acid
Ammonium sulphate -
Artemesinic acid
Carbamazepine -
Citric acid

Glycine -

Ibuprofen -
Irbesartan
L-glutamic acid -
Paracetamol -
SAR114137 A
SAR4748321
SAROO -

Used model compounds

Fig. 7-1: Overview of applied devices and investigated model compounds within this work.

Tab. 7-1: Summary of the results determined by 7 devices and 13 model compounds in lab
and pilot plant, definition: INFO — information content.

ULTRASOUND

e Qualitative: presence or absence of particles
e Quantitative: mean particle size and suspension density, concentration

INFO

e Grouping of compounds concerning the sensitivity to detect MZW and
concentration = Limited application for API's

Present conditions in the pilot plant (repump, diaphragm pump) lead to the
formation of air bubbles which strongly influence the ultrasound velocity

-> direct calibration model transfer from lab to pilot plant is therefore limited

e Application of protected ultrasound (liquid phase!) sensor is limited

MAIN RESULTS
[
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RAMAN SPECTROSCOPY
o | Qualitative: presence or absence of particles, polymorph form, concentration
Z | e Quantitative: polymorph content

MAIN RESULTS

Polymorphic phase transition can be tracked in lab and pilot plant scales
Calibration model developed at lab (polymorph content) can be transferred to
pilot plant scale - higher fluctuations of the signals and predictions in pilot plant
Process conditions, e.g. suspension density, can have a strong effect on prediction
accuracy of the calibration model

For very soluble compounds (e.g. citric acid) a superposition of spectra belonging
to the solid and liquid phase takes place

Low sensitivity to detect the presence of particles compared to other techniques

ATR-MIR SPECTROSCOPY

o e (Quantitative: concentration
Z | e Qualitative: chemical information
e Detection of solubility temperature over a wide range and in one experiment
v (calibration model development is necessary)
5 | ® Desupersaturation tracking during crystal growth processes is possible
{3 | e Transfer of calibration model (concentration) developed at lab scale is possible for
an Pl model and IHM, not for PLS model
< | ® Problems in the pilot plant: Water vapor inside the spectrometer, vibrations of the
2 fiber optics, changed geometry, encrustations - IHM enables a adaption to
different conditions and has a higher prediction accuracy compared to Pl model
UV-VIS-, NIR SPECTROSCOPY AND TURBIDITY
o | ® Qualitative: presence or absence of particles, chemical information
Z e Quantitative: concentration (requires ATR-technique)
n | ® UV-Vis: high sensitivity to detect particles, also at low suspension densities in lab
= 'g and pilot plant
<§( «» | ® UV-Visis a cheap, robust and easy transportable technique
& | e End point of phase transitions and effect of seed crystal addition can be tracked
APAS
o | Qualitative: presence or absence of particles, suspension density
Z | e Quantitative: chord length distribution, mean chord length as fingerprint of PSD
- ¥ | e End point of phase transitions can be tracked if particles differ in size and shape
=z 35 | e Distinction of crystal growth and breakage as well as detection of MZW is possible
S0
o

ACCES UNIT DESIGN PILOT PLANT

MAIN RESULTS

Fast integration of various “laboratory” PAT tools possible without cost intensive
modifications of the setup

Application of analytical techniques in lab and pilot plant is possible, if the
boundary conditions are maintained in the pilot plant as well (e.g. no gas intake
into the solution for usage of ultrasound technique) — this is not always possible!
Disadvantage: possible influence on physical product properties by recirculation,
possible sensor encrustation if no isolation of the pipes is present
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8. Conclusions and recommendations

In the following part conclusions of the main results are presented with respect to the aims
presented in section 4. Furthermore, recommendations for the selection of PAT tools and its

application at laboratory and pilot plant scale are given.

Apart from the knowledge of the MZW, which is necessary for process development, it is
important to monitor the concentration of API solutes in the solution during crystallization
processes. The actual value of concentration can provide the driving force for crystallization
during the process. According to the results presented for the ULTRASOUND sensor, the
application of this measurement technique for some pharmaceutical compounds shows
limits. In comparison most inorganic compounds promise in most cases an excellent
applicability for the concentration and MZW determination. Whether a compound is
analyzable by ultrasound can be determined very simple and fast by one experiment. For
this purpose the material is associated to a group (according to the grouping presented in
section 6.1) by the evaluation of the velocity change with increasing temperature and at the
nucleation points. Under the present conditions in the pilot plant a direct calibration model
transfer (concentration) was limited, most often, due to the influence of air/gas bubbles. In
conclusion, the technique requires in order to be applied for accurate concentration
prediction and for MZW determination, a low number of air/gas bubbles to be present. A
reduction of undissolved air/gas can be achieved e.g. by degassing with high power
ultrasound. The application of the protected ultrasound sensor to monitor the liquid phase
independent of the solid phase can only be recommended for material which belong to
group 1 (high sensitivity of velocity for concentration changes). Otherwise the small amount
of broken crystals which pass the measurement stretch might lead to strongly biased
concentration predictions for materials of group 2 or 3. For materials which belong to group
1 and 3 the technique can be used for accurate MZW determination. From such
measurements also important conclusions, e.g. concerning the transition temperature of

polymorphs or solvates can be drawn.

Since the application of ultrasound for concentration determination of API’s is limited,
further reliable tools are necessary which can be used to measure concentrations. In this
context ATR-MIR SPECTROSCOPY was tested. The technique was investigated in a case study
with 3 different pharmaceutical compounds, whereas the signal to noise ratio in case of
L-glutamic acid was too low in order to predict concentrations reliable. For Paracetamol and
Acetylsalicylic acid excellent results are presented and as it is shown for Acetylsalicylic acid
the calibrations errors of ATR-MIR are comparable to this of ultrasound. A direct transfer of

ATR-MIR spectroscopy and the application for concentration monitoring, however, seems to
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be easier in comparison to ultrasound. It is expected that the sieve of the protected
ultrasound sensor, which is necessary for concentration tracking, might get encrusted by the
installation in the used pilot plant setup of this study (repump). Furthermore, the ultrasound
velocity is strongly influenced by air/gas bubbles. The ATR-technology of MIR spectroscopy,
however, does not require a physical protection of particles and shows not influence by
air/gas bubbles. A direct transfer of the calibration model developed at lab scale, to the pilot
plant is possible for the Pl model under specific conditions and for the IHM. For the
application of a Pl model in the pilot plant it is recommended to work under the same
conditions as in the lab (nitrogen purge, geometry of fiber optics and type of sensor
integration, temperature range). Otherwise, a significantly lower reproducibility and
accuracy has to be taken into account. Since deviations to the lab conditions are sometimes
technically unavoidable (e.g. more vibrations in pilot plant) often an IHM is preferred to
facilitate the application to higher scales. As it was shown the IHM can be used to
compensate non-linear effects of the changed operating conditions. In conclusion the IHM
can be transferred from the pilot plant to the lab (or vice versa) without a loss of prediction
accuracy. This is highly desirable for industrial applications since the time needed for
calibration model development and validation can be reduced significantly. Within this work
the software PEAXACT (S-PACT GmbH) was established which can be recommended for a
fast visualization of the recorded spectra and data pretreatment, but also for a fast
calibration model building and real-time prediction of data recorded with spectroscopic
techniques. Especially during the lab experiments a problem during recrystallization
experiments was the encrustation of the ATR-MIR sensor. In this content the IHM might be
used to compensate encrustations, which are in “um” range or an online detection and
warning system of probe fouling can be implemented in the process control system by a

simple real-time spectra comparison.

Apart from concentration measurement, process variables are required to get information
on the solid phase. For this purpose RAMAN SPECTROSCOPY was applied to monitor the
polymorph form. To analyze the polymorph content quantitatively, the development of the
calibration model based on offline solid state spectra has shown to be advantageous. The
spectra quality is not influenced by sampling problems or inhomogeneity related errors. This,
however, requires the use of a big laser spot size (e.g. 6 mm). Furthermore, the model is
independent of the liquid phase and can be applied for various solvents. For this kind of
application the Pl method is preferred over a PLS method, since the PLS model is influenced
by the different process conditions. Concerning the selection of the peak areas for the

different polymorphs it is advantageous to use the peaks of the highest intensity, although
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when these peaks are only partly separated. In this case it could be shown that the use of a
separated part of the complete area, leads to a lower prediction error, due to the lower
signal-to-noise ratio. For a good reproducibility and accuracy it is recommended to develop
the Pl model based on a peak area ratio of the different polymorphs. This allows the direct
transfer of the model from solid phase to suspension and from lab to pilot plant. For the
application in suspension a sufficient suspension density is necessary (e.g. 3 wt% for
L-glutamic acid). The technique cannot be applied for very low suspension densities (e.g.
1 wt%), since the results leads to statistically not representative data. For very low
suspension densities the use of UV-Vis spectroscopy (transmission probe) is recommendable
due to the high sensitivity of the technique for particles. The change of particle size and
shape can be used in order to track the end point of transition. In addition to the solid phase,
Raman spectroscopy enables to track the concentration qualitatively. Although a linearity of
the concentration signals are given for clear solution, it is not recommended to use this
technique for quantitative prediction of concentration in suspension due to the huge
complexity of the scattering of particles (depending on shape, size and density). In
conclusion, Raman spectroscopy has shown to be a highly desirable tool which can be used
for process development and optimization for polymorphic compounds. It delivers
information on both phases (solid and liquid). After development and understanding of the
process in the pilot plant or industrial scale, the technique might be replaced by a less
complex and simpler technique, where the information content which can be derived is
drastically reduced, as for instance UV-VIS- or NIR SPECTROSCOPY as turbidity technique.
Especially UV-Vis spectroscopy is a very sensitive, robust and cheap method which can be
applied to monitor the end point of the polymorphic transition (not the polymorphic
content!) in lab and pilot plant scales. A problem which can limit the application of Raman
spectroscopy is the presence of fluorescence (e.g. for the investigation pigments). Even weak

fluorescence can be stronger than Raman scattering leading to a hiding of Raman peaks.

If information on the particle size distribution is required, ORM (APAS) or FBRM can be used.
The direct correlation between measured chord length and particle size, however, is in most
cases difficult. As proposed by Scholl et al. [Sch12] it is recommended to use the chord

length directly as a fingerprint of the process instead of extracting particle size distributions.

It can be shown that PAT tools can be cost and time efficiently integrated into reaction or
crystallization setups of pilot plant or even production scale by the usage of an online access
unit and a recirculation unit. The probe integration does not require any modification of the
existing vessels. A further advantage of the access unit is the possibility to examine the

suspension or solution as well as the probe tip visually in the access unit by sight glasses.
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Consequently, errors and possible system faults such as probe fouling can be registered and
eliminated early. The use of an external process flow, however need special attention
otherwise it, can have drawbacks. Temperature differences between the reactor and the
external recirculation for instance can induce early nucleation events in the colder external
pipes, depending on the crystallization process used. This effect can be eliminated by a good
isolation or the heating of the parts of the external loop. Furthermore, it has to be
considered that the physicochemical properties of the product are influenced by the pump.

This might lead to scale up problems, depending on compound and its further use.

Concluding the presented results, it is advisable to use PAT tools to control crystallization
processes to ensure a good quality of the product and to keep costs of production down.
However, there is not the one technology in terms of the physical principle which can be
used for all the different applications. Therefore, it has to be chosen out of different
instrumentations concerning the wanted information content, the necessary precision, the

effort of installation and data evaluation and last but not least the costs of the instruments.

The results presented in this thesis are fundamental work in the field of the selection and
application of PAT tools at pilot plant scales. With the help of these results it is possible to
easily circumvent the problems associated with the integration of PAT tools in pilot plant
setups and calibration transfer from lab to pilot plant or industrial scales. The monitoring of

solid and liquid phase properties can be used for advanced control strategies.
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9. Summary

The physical properties of active pharmaceutical ingredients (APIs), which are delivered in
crystalline form, have to meet stringent specifications such as a defined particle size
distribution and polymorphic form. These physical properties are often controlled in the final
API crystallization step by the application of process analytical technologies (PAT). PAT is
based on the application of sophisticated process analyzers (PAT tools) and multivariate data
acquisition and analysis tools. PAT tools can be placed in the process stream and provide
information about the process (e.g. concentration) and the product (e.g. polymorph content)
in real-time. Up-to-date manufacturing processes follow the quality by design (QbD)
approach, which involves the application of PAT strategies to reduce identified
manufacturing risks that have a negative impact on the product quality. So far, however, a
lot of scientific works have stopped with the implementation of PAT tools at the level of
laboratory scale. There remains the need of further investigations regarding the transfer to
pilot plant or production scale processes. The strategic selection and application of PAT tools
for the investigation of APIs at laboratory scale, which are beneficial for a rapid
understanding and development of crystallization processes, should be supported. In order
to facilitate the scale up the selected techniques and the calibration methods developed at
lab scale should have the potential to be used in industrial scales as well.

Here twelve different pharmaceutical compounds are analyzed by seven different online
analytical measurement techniques, which are attenuated total reflectance — mid infrared-
(ATR-MIR), Raman-, near infrared- (NIR) and ultraviolet visible (UV-Vis) spectroscopy as well
as turbidity, ultrasound and optical reflectance measurement in lab and pilot plant scales.
The techniques are used for metastable zone width (MZSW) determination, solute
concentration measurement and to provide information on the solid phase (e.g. polymorph
content) during crystallizations of APIs. The results demonstrate that the techniques differ
strongly in sensitivity e.g. to detect the presence of particles or to detect concentration
changes. It is found that UV-Vis spectroscopy has, in comparison to Raman- and NIR
spectroscopy, a very high sensitivity for the presence of particles also at low suspension
densities. By the analysis of 12 APIs with the ultrasound technique, which can be used for
MZW and concentration determination, it has been demonstrated that the technique has
only a limited applicability for pharmaceutical compounds (especially with high molecular
weights), due to special physical properties in many cases, while especially inorganic
compounds (with low molecular weights) have a very good applicability. As further
concentration measurement technique ATR-MIR spectroscopy is used, which allows the

prediction of concentrations for 2 of 3 model compounds. Here the new software PEAXACT
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(S-PACT GmbH) is established and applied for data acquisition and real-time predictions of

concentrations with ATR-MIR spectroscopy.

Furthermore, the work is focused on the direct transferability of calibration models which
were developed at lab scale to pilot plant scales. It is found that various effects can have an
influence, which prevent or limit a direct transferability of calibration models. In case of
ultrasound, air/gas bubbles have been shown to be a problem when the sensor is integrated
in a recirculation unit. Only if the portion of undissolved air/gas is small a direct, successful
transferability of the calibration model is possible. Concerning ATR-MIR spectroscopy it is
demonstrated that a direct calibration model transfer from lab to pilot plant is only possible
for a peak integration (PI) model and the indirect hard model (IHM), but not for partial least
square (PLS) models. The application of a PI model for direct calibration transfer strongly
depends on the chosen process- and ambient conditions (e.g. water vapor content inside the
spectrometer, bending radius of the fiber optics, type of sensor installation), which should
be ideally exactly the same in the lab and pilot plant. In contrast, the IHM allows a non-linear
compensation of the different conditions and is, therefore, preferable to facilitate the scale
procedure under variable process- and ambient conditions. In this work the IHM is used to
compensate the effect of water vapor inside the spectrometer, which represents the major
problem in the pilot plant. Such application is new.

In this work Raman spectroscopy is used to analyze the polymorph content during phase
transitions in real-time. It has been found that a calibration model developed from solid
state spectra in the laboratory can be used for predictions in suspensions and in the pilot
plant as well. Limitations arise due to the minimal necessary suspension density, which is
relatively high in comparison to other techniques which deliver qualitative information on

phase transitions (e.g. NIR- and UV-Vis spectroscopy).

The integration of these measurements techniques in the pilot plant is realized by a
recirculation loop connected to a membrane pump. The setup has the advantage that
various techniques can be integrated fast and cost efficient in the existing pilot plant setup.

A disadvantage, however, is the influence of the pump on the physical product quality.

It is successfully demonstrated which expectations are realistic for the application of the
measurement technique in the lab and its direct transferability to industrial scales. From a
process engineering point of view, the future research concerns the design of crystallization
experiments in which a product or process parameter analyzed by a PAT tool, such as the
supersaturation, is selectively controlled within the metastable zone using a feedback loop

(e.g. regulation of temperature) to obtain quality crystals with consistent properties.
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10. Zusammenfassung

Die physikalischen Eigenschaften eines aktiven pharmazeutischen Wirkstoffs (API) in fester,
kristalliner Form miussen strenge Spezifikationen erfiillen wie z.B. eine definierte
PartikelgroRenverteilung oder polymorphe Form. Diese physikalischen Eigenschaften
werden oft wahrend des finalen Kristallisationsschrittes durch die Anwendung sogenannter
Process Analytical Technologies (PAT) kontrolliert. PAT basiert auf der Anwendung
hochentwickelter Prozessanalysengerdate und multivariater Datenerfassungs- und
Analysetools. Die Analysengerate konnen in den Prozessstrom eingebaut werden und liefern
zum einen Informationen (ber den Prozess (z.B. Konzentration) und zum anderen Uber das
Produkt (z.B. polymorpher Anteil) in Echtzeit. Moderne Herstellungsverfahren folgen dem
Quality-by-Design (QbD) Ansatz. Dieser Ansatz beinhaltet die Anwendung von PAT
Strategien, um identifizierte Herstellungsrisiken, die die Produktqualitdt negativ
beeinflussen, zu reduzieren. Im Moment findet die Anwendung dieser Techniken jedoch oft
nur im LabormaRstab statt. Dabei besteht eine zunehmende Notwendigkeit PAT auch in den
(semi-) industriellen Malistab zu Ubertragen. Das Ziel dieser Arbeit ist die strategische
Auswahl und Anwendung von PAT Tools fiir die schnelle Entwicklung und das Verstehen von
Kristallisationsprozessen von APls im Labormalistab. Um das Scale-up zu erleichtern soll das
Potential dieser Techniken und der im Labor entwickelten Kalibrationsmodelle beziiglich

ihrer direkten Ubertragbarkeit in den industriellen MaRstab ebenfalls untersucht werden.

Es werden 12 verschiedene APIs mit 7 verschiedenen Messtechniken im Labor- und
Technikumsmalstab untersucht. Die Techniken werden genutzt um den metastabilen
Bereich und die Konzentration der gelésten Substanz zu bestimmen sowie zur Bereitstellung
von Informationen bezlglich der festen Phase (z.B. polymorpher Anteil). Die Ergebnisse
zeigen, dass sich die Messtechniken sehr stark beziglich der Sensitivitdat zur Detektion von
Partikeln oder der Fahigkeit Konzentrationsunterschiede zu analysieren, unterscheiden. Es
wird festgestellt, dass UV-Vis Spektroskopie, im Vergleich zu Raman- oder NIR
Spektroskopie, eine sehr hohe Sensitivitdt hat, die Anwesenheit von Partikeln auch bei
geringen Suspensionsdichten anzuzeigen. Die Analyse von 12 pharmazeutischen Wirkstoffen
mittels Ultraschallmesstechnik, welche zur Bestimmung des metastabilen Bereichs und von
Konzentrationen eingesetzt werden kann, zeigt dass die Technik fiir eine gute
Anwendbarkeit bestimmte Stoffparameter vorrausetzt. Diese sind bei pharmazeutischer
Wirkstoffe oft nicht gegeben, wahrend anorganische Substanzen eine sehr gute
Anwendbarkeit zeigen. Als weitere Messtechnik zur Konzentrationsbestimmung wird ATR-
MIR Spektroskopie eingesetzt. Die Technik erlaubt die Vorhersage von Konzentrationen fiir 2

der insgesamt 3 untersuchten Modelsubstanzen. Innerhalb der Arbeit wurde die Software



Zusammenfassung 115

PEAXACT (S-PACT GmbH) etabliert und fiir Datenaufnahme und Echtzeitvorhersage von
Konzentrationen mittels ATR-MIR Spektroskopie genutzt.

Beziiglich der direkten Ubertragbarkeit vom im Labor entwickelten Kalibrationsmodellen in
den technischen MaRstab, wird gezeigt, dass verschiedenste Effekte einen Einfluss haben
und somit limitierend wirken. Im Fall der Ultraschallmesstechnik sind Gasblasen ein Problem,
wenn die Sonde in eine Rezirkulationseinheit integriert ist. Nur wenn der Anteil der
ungelésten Gase in der Fliissigkeit gering ist, kann eine direkte Ubertragung des
Kalibrationsmodells erfolgreich durchgefiihrt werden. Bezliglich ATR-MIR Spektroskopie wird
nachgewiesen, dass eine direkte Ubertragung der Kalibration vom Labor ins Technikum nur
fiir das Peakintegrations- (Pl) Model und das Indirect Hard Model (IHM), aber nicht fir das
Partial Least Square (PLS) Model moglich ist. Die Anwendung des Pl Models im industriellen
Malistab ist sehr stark von den gewahlten Prozess- und Umgebungsbedingungen (z.B.
Wasserdampfgehalt im Spektrometer, Biegeradius des Lichtleiterkabels) abhdngig. Im
Idealfall sollten diese Bedingungen im Labor und Technikum genau Ulbereinstimmen. Im
Gegensatz zum Pl Model ermdglicht das IHM die nicht-lineare Kompensation der
unterschiedlichen Bedingungen und ist daher das bevorzugte Model um den Scale-up, auch
unter variablen Prozess- und Umgebungsbedingungen, zu erleichtern. In dieser Arbeit wurde
das IHM genutzt um den Effekt des Wasserdampfes im Spektrometer zu kompensieren.

Die Raman Spektroskopie wird genutzt um den polymorphen Anteil einer polymorphen
Phasenumwandlung in Echtzeit zu verfolgen. Es wird gezeigt dass ein Kalibrationsmodel,
erstellt aus Feststoffmessungen im Labor, genutzt werden kann um den polymorphen Anteil
in Suspensionen und im Pilotmalistab vorherzusagen. Limitationen ergeben sich aus der
minimal einsetzbaren Suspensionsdichte, welche hoher ist im Vergleich zu anderen
Messtechniken (z.B. NIR- und UV-VIS Spektroskopie) welche qualitative Informationen

beziglich polymorphen Phasenumwandlungen liefern.

Der Einbau der Messtechniken in die Pilotanlage wird durch einen Rezirkulationskreislauf in
Verbindung mit einer Membranpumpe realisiert. Der Aufbau hat den Vorteil, dass
verschiedenste Techniken schnell und kosteneffizient in die bestehende Anlage integriert
werden kénnen. Ein Nachteil, jedoch, ist der Einfluss der Pumpe auf die physikalischen
Produktqualitat.

Aus verfahrenstechnischer Sicht betrifft die zukilnftige Forschung das Design von
Kristallisationsprozessen unter Anwendung sog. Feedback-Control-Strategien. Dabei werden
Produkt- oder Prozessparameter, die durch online Messtechniken erfasst werden, wie z.B.
die Ubersittigung, gezielt gesteuert und innerhalb des metstabilen Bereichs gehalten (z.B.
durch die Regulierung der Temperatur) um Qualitatskristalle mit einheitlichen Eigenschaften

zu produzieren.
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11. Abbreviations and symbols

Abbreviation Meaning

API Active pharmaceutical ingredient
APAS Advanced particle analyzing system
ATR Attenuated total reflectance

CAA Citric acid anhydrate

CAM Citric acid monohydrate

EtOH Ethanol

FBRM Focused beam reflectance measurement
FT Fourier transform

F(T) Function of temperature

F(s) Function of particle concentration
H,O Distilled water

IHM Indirect hard model

LGA L-glutamic acid

MeOH Methanol

MW Molecular weight

MzZW Metastable zone width

MIR Mid infrared

NIR Near infrared

N No

ORM Optical reflectance measurement
PLS Partial Least Square

PSD Particle size distribution

Pl Peak integration

PP Pilot plant

RMSEC/P Root mean square error of calibration/prediction
UV-Vis Ultraviolet visible

Y Yes
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Symbol Meaning Unit
A-F Constants for the calculation | -
of concentration
Bad Adiabatic compressibility Pa
c Concentration g/100g or wt%
P Dichte g/cm’
d Particle size pm
SD Suspension density wt%
T Temperature °C
v Ultrasound velocity m/s
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13. Appendix

13.1 Ultrasound devices

Tab. 14-1: Specification of the used ultrasound devices.

LiquiSonic 30 LiquiSonic 50 OCM
Supplier SensoTech GmbH SensoTech GmbH SensoTech GmbH
Ultrasound velocity Yes Yes Yes
precision 0.05 m/s precision 0.05 m/s precision 0.05 m/s
Attenuation No Yes Yes
precision: 0.05 dB precision: 0.05 dB
Temperature Yes Yes Yes
precision: 0.05 °C precision: 0.05 °C precision: 0.05 °C
Frequency 2 MHz (0.1 W) 2 MHz (0.1 W) 2 MHz (0.1 W)
Size of measurement stretch | 24 mm 12 mm 10 mm
Number of sensors 1 1 2
Sensor protection not serially equipped not serially equipped serially equipped for the
protected sensor
Data acquisition software SonicWork 4.1 SonicWork 5.3 SonicWork 5.3

For all used ultrasound devices a measurement interval of 10 s was applied. Calibration

model building (concentration) was performed using the software Matlab R2007a under

application of the “rstool” routine [Mat13].

A photographic image of the OCM device is seen in the following.

Fig. 14-1:
[Sen13].

!

OCM device with controller, protected and unprotected ultrasound sensor
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13.2 ATR-MIR spectroscopy for liquids and suspensions

Data_acquisition: The spectra were collected in a spectral range between 550 ecm™ and

4000 cm™ using a spectral resolution of 4 cm-! and a scan number of 64. The background
measurement was performed in air at room temperature. Nitrogen flushing of the
spectrometer was performed at and pilot plant laboratory scale. Due to technical reasons for
some measurements with Paracetamol no nitrogen flushing could be performed at pilot

plant scale.

Software: Data acquisition and process control was performed using the software OPUS 6.5
(Bruker Optik GmbH). The OPUS software option “spectra subtraction” was used for the
calculation of the difference spectra. The software PEAXACT 3.0.11 (S-PACT GmbH, Aachen,
Germany) was used for raw data treatment, data evaluation and calibration model building.
An implementation of the spectral analysis software PEAXACT 3.0.11 into the OPUS 6.5
process control tool allows the calculation and output of concentration data (by a PLS or PI
calibration model) in real time. Before the start of the process monitoring, PEAXACT

modifications were integrated in the OPUS PROCESS scenario file.

A photographic image of the spectrometer is seen in the following.

7 L
y

Fig. 14-2: Bruker Matrix-MF spectrometer with ATR-probe [Brul3].
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13.3 Dispersive Raman spectroscopy of suspensions and solids

Data acquisition: The interval for the inline measurements is 2 min at an exposure time of 1 s

and 60 accumulations.

Software: Data acquisition and real-time analysis was performed using the software package
IC Raman 4.1 (Mettler Toledo, Switzerland). The acquired raw spectra were baseline
corrected (Pearsons correction, e.g. for the compound LGA) and normalized (e.g. at
756 cm™, solvent peak for the compound LGA). The software PEAXACT 3.0.11 (S-PACT

GmbH) was used for raw data treatment, data evaluation and calibration model-building.

Laser calibration: The laser wavelength, frequency and intensity calibration of the system

was performed using cyclohexane (as reference), neon emission lines and white light,

respectively.

Hotstage: For the hotstage Raman experiments a Linkam Thermostage THMS 600 (Linkam
Scientific Instruments Ltd., Tadworth, UK) was used. The accuracy of the attuned
temperature was found to be within #1-2 °C. The sample powders were prepared on
aluminium foil slides and placed on the thermostage oven. The sample was then measured
through the quartz glass window of the thermostage. Heating ramps with 2 K/min from

room temperature to 250 °C and cooling ramps with 5 K/min to 30 °C were applied.

A photographic image of the spectrometer is seen in the following.

Fig. 14-3: Dispersive Raman spectrometer from Kaiser Optical Systems with PIAT probe.
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13.4 NIR spectroscopy

Data acquisition: The measurement interval was set to a value of 60 s and the spectral

resolution to 8 cm™ with a scan number of 32.
Software: Data acquisition and analysis was performed using OPUS 6.5 and PEAXACT 3.0.11.

A photographic image of the spectrometer in the pilot plant is seen in the following.

Fig. 14-4: Bruker Matrix-F process spectrometer in the pilot plant.

13.5 UV-Vis spectrometer

Data acquisition: Data were acquired with an exposure time of 2-3's in a spectral range

between 177 and 1100 nm. Spectra were recorded every 72 s.
Software: Data acquisition was performed using the software AvaSoft 7.5.1 (Avantes).

A photographic image of the spectrometer can be observed in the following.

Fig. 14-5: High resolution fiber optic spectrometer (Avantes) and halogen light source (A),
reflection probe (B) and probe tip of the reflection probe with variable measurement stretch (C).
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13.6 Turbidity

Tab. 14-2: Overview and specification of used turbidity techniques.

Crystal 16 STEM Integrity 10 Trb8300
Type multi reactor system | multi reactor system | probe
Supplier Avantium Electrothermal Mettler Toledo
g/i;ana;tslr:ment turbidimetric turbidimetric nephelometric
Wavelength 500 nm 920 nm 880 nm
Number of reactors | 16 10 0
Reactor volume 1000-1300 mL 10-20 mL -
Data collection rate 12/min 3/min 1/min

13.7 Optical Reflectance Measurement

Tab. 14-3: Specification of the optical reflectance measurement technique.

Sensor Name APAS 14

Supplier Sequip S&E GmbH

Laser 785 nm, 10 mW, laser class Illb
Minimum laser cross point 120 nm

Maximum laser point distance in depth | 2000 um

Purge gas Nitrogen

Software MCSA 1.0.3.48

An image of the APAS sensor (Sequip S&E GmbH) integrated in the STEM inegrity 10 reaction

station (Electrothermal) can be seen in Fig. 14-6.

Fig. 14-6: Experimental setup of the ORM performed in the STEM Integrity 10 reaction
station (A) and enlarged view on the ORM sensor integration in the reaction vessel (B).

I,
Pewiieieiie e ool T '
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13.8 X-ray Powder Diffraction (XRPD)

Software: The data were visualized and evaluated with the software EVA. For data

evaluation the raw spectra were used.

Data acquisition: For the measurements with the Bruker D4 Endeavor diffractometer the

patterns were recorded in the range of 10 — 40 ° 2-Theta with a step width of 0.01 ° 2-Theta
and an acquisition time of 1 s per step. For the STOE STADI P transmission diffractometer the

patterns were recorded in the range of 8 — 60 ° 2-Theta with a step width of 0.01 ° 2-Theta.
Calibration: A 2-Theta calibration was carried out on the compound aluminium oxide
(bauxite).

13.9 Laser diffraction

Data acquisition and method: For the measurement the material was added to the
dispersant (n-heptane containing 0.1 % (v/v) Span20) in the Hydro S 2000 (A) cell until the

obscuration of the laser was about 10 %. Before the addition of the solid material a
background curve was measured and the dispersant was stirred (by a magnetic stirrer) for
1 min at a slowly increasing stirring speed up to a final speed of 2000 rpm in order to remove
air bubbles. During the measurement the following parameters were used: 2000 rpm stirrer
speed, Fraunhofer method, sensitivity normal, 12000 measurements. The measurements
were performed in repeated determination mode. As a result of the measurements the d90

values were calculated from the particle size distribution curves (volume distribution).
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13.10Sensor integration in the pilot plant setup
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Fig. 14-7: Reactor with closed-cycle loop (A), Argus flow cell with attached ATR-MIR probe

(B) and diaphragm pump (C).
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Fig. 14-8: Reactor with closed cycle loop (A), inline access units with attached Raman, NIR

and UV-Vis probe (B) and diaphragm pump (C).

Fig. 14-9: Inline access units with attached ultrasound, Raman, ATR-MIR and UV-Vis probe

(A) and enlarged view on the access unit with integrated ultrasound probe (B).



Appendix

13.11 Series of samples measured as input into the ultrasound calibration of Acetylsalicylic

acid, L-glutamic acid and Paracetamol

Tab. 14-4: Series of samples measured as input into the ultrasound calibration in the lab and
pilot plant for the compound Acetylsalicylic acid.

Laboratory Pilot plant
c[g/100g] |n Ti[°C] |Th[°C] |c[g/100g] |n Ti[°C] [Th[°C]
0 1827 19 69 0 763 |38 61
9 1157 36 68 9 766 |36 60
18 1207 35 70 18 757 |37 60
27 1287 25 61 27 1354 |20 55
36 639 41 58 36 755 |41 58

Definitions: c—concentration, n—number of recorded samples in the temperature range, T-Temperature at

measurement, |-lowest, h-highest.

Tab. 14-5: Series of samples measured as input into the ultrasound calibration in the lab and
pilot plant for the compound L-glutamic acid.

Laboratory Pilot plant

c[g/100g] |n Ti[°C] |Th[°C] |c[g/100g] |n Ti[°C] [Th[°C]
0.0 3045 12 96 0.0 1317 55 88
1.0 2738 17 93 1.5 1077 59 87
2.0 2549 24 95 - - - -

3.0 2687 18 93 3.0 2344 |31 87
4.0 1896 40 94 4.5 1069 |60 88
5.0 1092 64 95 - - - -

6.0 735 70 90 6.0 828 67 88

Definitions: c—concentration, n—number of recorded samples in the temperature range, T-Temperature at

measurement, |-lowest, h-highest.

Tab. 14-6: Series of samples measured as input into the ultrasound calibration in the lab and
pilot plant for the compound Paracetamol.

Laboratory Pilot plant
c[g/100g] |n Ti[°C] |Tn[°C] |c[g/100g] |n Ti[°C] |Tn[°C]
0.0 1440 |36 78
10.0 1671 33 80 7.4 757 58 79
16.0 1097 48 80 14.8 599 63 77
24.0 771 58 80 22.2 654 |61 78
30.0 860 64 80 29.6 805 |63 77

Definitions: c—concentration, n—number of recorded samples in the temperature range, T-Temperature at

measurement, I-lowest, h-highest.
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13.12 Series of samples measured as input into the MIR calibration of Paracetamol

Tab. 14-7: Experimental matrix for ATR-MIR calibration data collection (Pl and PLS only) with
training samples and test samples*; c—concentration of Paracetamol, n—number of recorded
spectra in the temperature range, T-Temperature at measurement, |-lowest, h-highest, Cali-
Calibration data set.

Lab Pilot plant
Cali 1Cali J Cali 1Cali lCali 3
n=2 n=2 n=2
T=62-64°C|multi-temperature T=57-60°C | T=57-60°C | multi-temperature
c [wt%] clwt®%] n T,[°C] Tn[°C] c [wt%] c [wt%] c [wt%] n T,[°C] Tn[°C]
1.10 099 5 27 50 1.10 0.74 2 58 58
1.64* 196 5 25 54 1.50* 1.47 1.47* 2 58 58
2.17 2.17* 1 64 64 2.17 2.17* 2.17 2 58 58

244 2 61 70 2.40* 2.40 2.87* 2 58 58
3.23 3.23 3.23* 3.57 4 52 79
4.26 426* 1 63 63 4.26 4.25 4 60 78
4.80* 476 5 31 61 4.80* 4.80 4.93*% 2 59 59
5.26 5.26* 1 63 63 5.26 5.26* 5.60 2 59 59
6.67 598 3 37 73 6.67 6.25% 2 59 59

7.01* 7.01 690 4 58 78
7.22 7.22* 1 62 62 7.22
7.70* 8.00* 8.00
8.16 8.16 8.16*
9.00* 9.00

9.09 9.09 3 53 61 9.09
9.56*
10.00 10.00* 1 62 62 10.00 10.00

11.10 3 51 78 1290 4 64 78

Ti>Thucleation, * test samples
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13.13 Series of samples measured as input into the Raman calibration of L-glutamic acid

Tab. 14-8: Experimental matrix (alpha content) for Raman calibration data collection with
training and test samples of the solid phase and in suspension (compound: LGA),
Abbreviation as follows: number of spectra (n), Test samples (Test), Training samples (Train).

Trainglig Testsoigl Testslig2 Train/Testsyspension
n=2 n=2 n=2 n=1
0.000 0.000 0.000 0.000
0.019

0.040

0.059

0.079

0.098 0.100
0.198 0.150 0.150 0.200
0.299 0.250
0.397 0.350 0.350

0.495 0.450 0.450 0.500
0.595 0.600
0.692 0.650 0.650

0.792 0.750
0.891 0.850 0.850

0.912

0.930

0.950

0.970

1.000 1.000 1.000 1.000
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13.14 Determination of MZW by ultrasound attenuation

For materials which show no change of velocity at the nucleation point the evaluation of

ultrasound attenuation can provide useful results of good quality.

1300 75 .
—— 4 wt% SAR00 — 4 wt% SAROO
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Fig. 14-10: Determination of MZW of SAROO (concentration 4 wt%) by ultrasound velocity
(right) or ultrasound attenuation (left).
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13.15 Accordance of solubility temperatures measured by ultrasound and turbidity
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Fig. 14-11: Phase diagram of artemesinic acid measured by ultrasound and turbidity.
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Fig. 14-12: Phase diagram of SAROO measured by ultrasound and turbidity.
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13.16 Investigations of MZW in the pilot plant by means of ultrasound
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Fig. 14-13: Measured ultrasound attenuation during a recrystallization experiment in the
pilot plant using the model compound Paracetamol.
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13.17 Grouping of compounds concerning the sensitivity of concentration measurement by

ultrasound

Group 1: P VEL trend (1 T); ¥ VEL trend at Thug
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Fig. 14-14: Change of ultrasound velocity during the determination of MZW (left) and data
used for calibration of concentration (right) for materials belonging to group 1.
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Group 2a: 4 VEL trend (1 T); & VEL trend at Thuq
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Group 3: 4 VELtrend (MT); P VEL trend at Thyq
Ibuprofen
1400
| — lbuprofen, 120 gi100g 1310
1380 )
1300 +
@ 1360 \\\ ]
g °
= 1340 E 1290
z =
8 1320 D 12807
§." nucleation i 1
© 1300 1 point $ 1270
g .
g fl2E0 ation point 3 1260
E @ 1
5 1260 £ 1250 160 g/100g
e | 4
g 1240 140 g/100g
1220 1
i B e B L e A 1230 120-g/100g
5 10 15 20 25 30 35 40 T T T T T
Temperature / °C 20 25 30 35 40 45
Temperature / °C
Citric acid
1800 | — Citric acid, 181 g/100g ke
1720 4
L4
E 1780+ w 17157
z E
2 1760 | E 170
£ £ 17054
[ )
1740 4 nucleation o
B point 2 1700 +
3
o 2 1695
L] 17201 saturation 5
B point @ 1690 -
2 N -
LS 5 1685+
1680 1680
R B R S B e 1675
15 20 25 30 35 40 45
Temperature / °C 1670 —T— S e S U
0 10 20 30 40 50 60 70
Temperature / °C
Paracetamol
1620
1620
\ Paracetamol, 12 g/100g| .
\(/
™ 0 1600 increasing
t 1610+ £ conhcentration \
= >
%‘ 9%, % 1580 4| — 4g/100g
o Do S —— 5g/100g
£ 1600 {nucleation ; 8g/100g
oo | iy
o lubili
a polubility 3 ~ 16g/100g
s point =
£ 1590 1 S 40| | — 20011009
=] T 24g/100g
—— 28g/100g
—30g/100g
I ]
1580 T T T T T T 1520 r r
20 30 40 50 60 70 80 90

36 38 40 42 44

46 48

Temperature / °C

50

Temperature / °C



Appendix

149

Artemesinic acid

—— Artemesinic acid, 10 g/100g

1 nucleation
point

Ultrasound velocity / mis
N
o
(&
1

1245 -
saturation
1 point
1240 T T T T T T T
54 55 56 57 58 59 60 61

Temperature / °C

SAR114137

62

1520
——SAR114137, 11 g/100g

1510 4

o

o

(=]
1

he
iy X

L‘ooff,;g

1480

nucleation
1 point

Ultrasound velocity / m/s
a
o]
o
L

1470 4

1460 — T T T

saturation point

T T
65 66 67 68 69 70 71
Temperature / °C

Fig. 14-17: Change of ultrasound velocity during the determination of MZW (left) and data

Ultrasound velocity / m/s

Ultrasound velocity / m/s

12704
™~ i no concentration dependency
\\\\
1260 =
\
1P e —
——10g/100g
| ——9g/100g
——8g/100g
124091 | —7gr1009
6g/100g
5g/100g
1230
T T T T T
54 56 58 60 62 64
Temperature / °C
1525
: —— 12 g/100
J5a5 ] no ation dep y mghnog
- ——8g/100g
1515 S 7 gHoog
Toe, —— 86 g/00g
£ ~ ——5g7100
1510 e~ ~_ g g”m 99
1505 i S B 2 g/100;
1500
1495
1490 4
1485
1480
1475 4
1470

62 64 66

68 70 72 74

Temperature / °C

used for calibration of concentration (right) for materials belonging to group 3.



Appendix 150

13.18Investigations of Acetylsalicylic acid concentrations by ATR-MIR spectroscopy in the

pilot plant
i
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Fig. 14-18: MIR spectra measured in the pilot plant using the model compound
Acetylsalicylic acid dissolved in ethanol (concentration range: 9-36 g/100g).

Tab. 14-9: Data pretreatment performed in PEAXACT for the different calibration models.

Model properties PLS* PI**

Data range 900-1590 cm™ 900-1590 cm™
Integration range - 1180-1210 cm™

Baseline correction Offset subtraction Offset subtraction
Standardization Min-Max Standardization Min-Max Standardization

* PLS: Partial Least Square, ** Pl: Peak Integration
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Appendix
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Fig. 14-19: Experimental matrix for ATR-MIR calibration data collection with training samples
and test samples.

Please note that the spectra used as test samples were not derived from independent
prepared Acetylsalicylic acid solutions, but from spectra measured at a different
temperature. In order to calculate the RMSEP reliable and for different measurement
conditions an independent data set is necessary. Unfortunately, this was due to reasons of

time pressure not possible for this compound.



Appendix

152

13.19 Change of ultrasound velocity, density and adiabatic compressibility during cooling

crystallization for compounds of group 2 (refer to Tab. 6-4, section 6.2.1.1)
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Fig. 14-20: Change of velocity (left) and expected change of density and adiabatic
compressibility (right) (not measured) with decreasing temperature for the model
compound Irbesartan (group 2a).
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Fig. 14-21: Change of velocity (left) and expected change of density and adiabatic
compressibility (right) (not measured) with decreasing temperature for the model
compound SAR474832 (group 2b).
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13.20 Recrystallization of ammonium sulphate monitored by a protected ultrasound sensor

The following measurements were carried out by my student Arthur and are partly

presented in his Diploma thesis [Liul2].
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10 — - 50 - 46
1970 .
1 87 - 45
1960 + . L 40
o 6 o
E 1950 % i _ s ; L 44 3
£ 1040] =47 . airbubbles’ _305 -5
(=] © 1 .inthe mesh e o
E p ".: a _43 ——
> 10304 327 ./ -5 S
e - s 3
[ g -~ =
~ 04 N o
2 19204 <V 203 142 §
© - . =
b 7 . L
=) 1 24 *
1910 ] L 41
1 - 10
19004 4-
T T T T T T T T T T T T B _40

0 1 2 3 4 ()
Relative time / hours

Fig. 14-22: Concentration measurement of ammonium sulphate monitored by a protected
ultrasound sensor during a recrystallization experiment (AT mesh = 2 °C).

The concentration (c) can be calculated according to the following equation, where T is the

temperature and V is the ultrasound velocity:

c = -1995943 - 0.7884 T + 0.17603 V + 0.000356 TV + Eq. 14-1
0.001071 T? - 2.576799e % V2

The RMSEC is 0.46 wt%.



Appendix

154

13.21 Thermoanalytical investigations on a- and B-LGA
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Fig. 14-23: DSC curves of a- and B-LGA, sample mass: 9 mg, heating rate: 2 K/min, sample

pan: aluminum with pinhole.
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13.22 Hotstage Raman spectroscopic investigations on a- and B-LGA

13.22.1 a-LGA
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Fig. 14-24: Hotstage Raman experiments on a-LGA; peak area from 1070-1080 cm™ (a) and
790-810 cm™ (B) shown in the trend (A) and spectra in the range from 1550-1750 cm™

during melting (B).
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13.22.2 B-LGA
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Fig. 14-25: Hotstage Raman experiments on B-LGA; peak area from 1070-1080 cm™ (a) and

790-810 cm™ (B) shown in the trend (A) and spectra in the range from 1550-1750 cm™
before and during melting (B).



Appendix 157

13.23 Linear calibration curve and confidence boundaries for Raman Pl model

. o
Peak area ratio = Peak area
O peak area +B Peak area

Peak area (1070-1080cm™)
Peak area (1070-1080cm™) + Peak area (780-810cm™)

Eq. 14-2

Peak area ratio =

Tab. 14-10: Mathematical functions of calibration and confidence boundaries derived by
solid state Raman spectroscopy of LGA as well as LOD and LOQ.

Calibration line function: y=-0.0093241 + 1.02345256 x
95 % lower confidence bound function: y =-0.0205903 + 1.005337 x
95 % upper confidence bound function: y =0.00194217 + 1.04156812 x
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1 | | | |
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Fig. 14-26: Linear calibration curve with confidence boundaries.
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13.24PLS calibration model for the Raman spectra of solid binary mixtures of alpha and

beta Polymorph of L-Glutamic acid

13.24.1 PLS calibration curve and recovery
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Fig. 14-27: Comparison of predicted and true contents of a-LGA training (RMSEC: 0.016,
R’=0.998, rank 5) and test samples (RMSEP: 0.019) via PLS model.

13.24.2 Comparison of predictions for test set of Pl (Raman peak area ratio according to
Eqg. 14-2) and PLS model

0.03
0.02 o A @ 9
4 'S A .
0.01 A
A
J A é x
0.00 4 @ | °
2 oo o # 6
g O
c 1 ®
o -0.024 A
(]
ke ]
A -0.034 é
004 . e PLS test solid 1
] O Pl test solid 1
-0.05 A  PLS test solid 2
1 e A Pl test solid 2
-0.06 T . T g T g T g T . T
0.0 0.2 04 06 08 1.0

True alpha content / -

Fig. 14-28: Comparison of the prediction differences to the true content of a-LGA for the test
set of the PI (RMSEP: 0.016) and the PLS (RMSEP: 0.019) model.
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As can be seen in Fig. 14-28 the differences of the determinations in duplicates (same data
set) are higher for the PLS model as for the PI model. Most often the predictions of the PI
model show no differences for the same data set (data points of the same data set are
overlapping). The PLS model predictions, in comparison, show deviations especially for the
alpha contents 0.15 (PLS test solid 2), 0.35 (PLS test solid 1&2), 0.65 (PLS test solid 2), 0.84
(PLS solid 1&2).
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13.25PI calibration model for suspensions and solids

13.25.1 Determined peak area ratios (according to Eq. 14-2)
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Fig. 14-29: Determined peak areas of the solid binary mixtures of the training data set, peak
area from 1080-1070 cm™* (a) and 810-790 cm™ (B).
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Fig. 14-30: Determined peak areas of the suspension mixtures of the training data set, peak
area from 1080-1070 cm™ (a) and 810-790 cm™ (B).
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13.25.2 Pl recovery curve

Fig. 14-31: Comparison of predicted and true contents of a-LGA for PI models of solids and
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suspensions.
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13.26 LGA Crystallization monitored by UV-Vis- and NIR spectroscopy

Fig. 14-32: UV Vis spectra recorded during the recrystallization of B-LGA (related to Fig. 6-44,

section 6.3.1.3).

Fig. 14-33: NIR spectra recorded during the recrystallization of B-LGA (related to Fig. 6-44,

section 6.3.1.3).
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13.27 Influence of particle size on the measured solid-state Raman spectra
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Fig. 14-34: Influence of particle size on the measured solid-state Raman spectra (PhAT probe,

laser spot size 6 mm).

Tab. 14-11: Influence of particle size on the measured solid state Raman spectra (P"AT

probe, laser spot size 6 mm).

Particle size / pm Predicted beta fraction Predicted alpha fraction
> 200 0.9771 0.0229
160-90 0.9778 0.0221
90-63 0.9781 0.0218
<63 0.9766 0.0234

Four different particle sizes were used to record Raman spectra off-line and to predict the
solid fraction by the established calibration model. However, all four particle sizes show the

same predicted solid fraction.
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13.28 Sensitivity of Raman spectroscopy in dependency of particle size and suspension

density

Fig. 14-35: Raman peak height at 1391 cm™ (Pearsons background correction, normalized) in
dependency of used particle size and suspension density at 25 °C of the test compound citric

acid anhydrate.
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13.29 Monitoring of LGA phase transition by optical reflectance measurement (ORM)
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Fig. 14-36: Transformation of a-LGA to B-LGA at 50 °C monitored by ORM and turbidity.
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Fig. 14-37: Volume-weighted cumulative Exposed Particle Surface Area (EPSA) distribution of
a- and B-LGA measured by ORM, mean EPSA is highlighted.

Fig. 14-36 shows the results of a polymorphic transition process of a-LGA to B-LGA after the
crystallization of the metastable a-polymorph (data not shown) monitored by an APAS
sensor. The experiment started with the presence of pure metastable a-LGA. By increasing
the temperature to 50 °C the conversion is initiated. Two main variables which are changing
during the conversion process are the particle size and/or morphology and the particle
number. As can be seen from the number weighted d90 (monomodal distribution) in the
beginning of the transformation the particle size is slightly increasing (up to 1.5 hours). This
might be due to the nucleation of the thermodynamic stable B-LGA crystals on the surface of
the a-LGA crystals. Subsequently, the extent of the small needle-like B-crystals is increasing
with the time, leading to the decreasing d90 measurement trend from 1.5 to 5 hours. The

number of particles (counts) is increasing from the beginning of the transformation
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experiment, since the optical density of the smaller B-crystals is higher in comparison to the
big orthorhombic a crystals. The measurement trend of the count number is in excellent
agreement to the shown turbidity measurement trend which measures the weakness of the
light. All three measurement trends (d90, counts, turbidity) are getting constant after
approximately 4.8 hours. Consequently, the end point of the polymorphic conversion can be
monitored by all three measurement trends provided by two different measurement
techniques (APAS and turbidity). A disadvantage of the used turbidity probe, however, is
that differences of particle size can only be detected at relative low suspension densities.

Therefore, phase transformations can only be tracked at low suspension densities.

In addition to the information on the end point of conversion the APAS provides information
on the EPSA distribution (see Fig. 14-37).
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