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Abstract

The advent of continuous manufacturing in the pharmaceutical industry has encouraged the development of
new crystallizers specifically designed for continuous crystallization. One of the examples is the planar
oscillatory flow crystallizer (planar-OFC), a new variant of OFCs specifically designed to improve the
suspension and flowability of solids during continuous crystallization. In this work, three sets of experiments

were performed in planar-OFCs.

In the first set of experiments, an aqueous solution of indigo carmine was used as a liquid tracer, and a
suspension of polyvinyl chloride (PVC) particles was used as a solid tracer to investigate the impact of operating
and geometric parameters on the state of mixing in a planar-OFC. First, the minimum mixing intensity required
to keep solids in suspension was determined, then, the mixing time was determined for the liquid phase and for

the solid phase, and finally, the axial dispersion was determined for both phases.

In the second set of experiments, the isothermal crystallization of paracetamol was used as a case study to
investigate the impact of the frequency and amplitude of oscillation on the nucleation and crystal growth kinetics
in a planar-OFC. First, the nucleation rate was calculated from the probability distribution of detection times,
and the nucleation kinetic and thermodynamic parameters were estimated from the classical nucleation theory.
Then, an empirical power-law equation was used to describe the influence of supersaturation on the crystal
growth rate and the crystal growth kinetic parameters were estimated by fitting a mass balance equation to the

experimental data.

In the third set of experiments, the continuous cooling crystallization of paracetamol and the continuous
antisolvent crystallization of a commercial active pharmaceutical ingredient were used as case studies. In each
case study, the operating parameters were manipulated so as to adjust the crystal size distribution of the final
product in accordance with different specifications. In the first case study, temperature cycling was employed
to reduce the percentage of fines and agglomerates and, therefore, improve the uniformity of the crystal size
distribution in the final product. In the second case study, the planar-OFC was divided into two spatially
independent sections and the residence time in each section was manipulated so as to promote the formation of

aggregates with a narrow crystal size distribution.

The previous approaches allowed to demonstrate the potentialities of the planar-OFC in the continuous
crystallization of active pharmaceutical ingredients, namely in the control of the crystal size distribution, by

adjusting the operating and geometric parameters in the planar-OFC.
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Resumo

O advento da producdo em continuo na industria farmacéutica tem incentivado o desenvolvimento de novos
cristalizadores especificamente adaptados para cristalizagdo em continuo. Um dos exemplos é o cristalizador de
fluxo oscilatorio planar (planar-OFC), uma nova variante de OFCs especialmente desenvolvida para melhorar
a suspensdo e a fluidez de sélidos durante a cristalizacdo em continuo. Neste trabalho, realizaram-se trés
conjuntos de experiéncias em planar-OFCs.

No primeiro conjunto de experiéncias, uma solucdo aquosa de indigo carmim foi usada como marcador liquido
e uma suspensdo de particulas de policloreto de vinilo (PVC) foi usada como marcador sélido para investigar o
impacto de parametros operacionais e geométricos no estado de mistura num planar-OFC. Primeiro, a
intensidade de mistura minima necessaria para manter sélidos em suspenséo foi determinada, depois o tempo
de mistura foi determinado para a fase liquida e para a fase sélida, e finalmente, a dispersao axial foi determinada

para ambas as fases.

No segundo conjunto de experiéncias, a cristalizacdo isotérmica de paracetamol foi usada como caso de estudo
para investigar o impacto da frequéncia e da amplitude de oscilagdo nas cinéticas de nucleagdo e crescimento
num planar-OFC. Primeiro, a velocidade de nucleagéo foi calculada a partir da distribui¢do de probabilidades
do tempo de detecdo, e os pardmetros cinético e termodinamico de nucleacéo foram estimados a partir da teoria
classica de nucleagdo. Depois, uma equacdo de poténcia empirica foi usada para descrever a influéncia da
sobressaturacdo na velocidade de crescimento, e 0s parametros cinéticos de crescimento foram estimados

ajustando uma equacdo de balanco de massa aos dados experimentais.

No terceiro conjunto de experiéncias, a cristalizacdo em continuo por arrefecimento de paracetamol e a
cristalizacdo em continuo por adi¢do de antisolvente de um principio ativo comercial foram usadas como casos
de estudo. Em cada caso de estudo, os parametros operacionais foram manipulados de forma a ajustar a
distribuicdo de tamanhos de cristal do produto final de acordo com diferentes especificagcGes. No primeiro caso
de estudo, usaram-se ciclos de temperatura para reduzir a percentagem de finos e aglomerados e assim melhorar
a uniformidade da distribuicdo de tamanhos de cristal no produto final. No segundo caso de estudo, o planar-
OFC foi dividido em duas secgdes espacialmente independentes e o tempo de residéncia em cada secgdo foi
manipulado de forma a promover a formacdo de agregados com uma distribuicdo de tamanhos de cristal

apertada.

As abordagens anteriores permitiram demonstrar as potencialidades do planar-OFC na cristalizagdo em continuo
de principios ativos, nomeadamente no controlo da distribuicdo de tamanhos de cristal, atuando, para isso, nos

pardmetros operacionais e geométricos do planar-OFC.
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Introduction

Chapter 1 - Introduction

1.1 Thesis Scope

The concept of continuous manufacturing is not new. It has been widely adopted in the oil, gas, petrochemicals,
polymers and food industries. However, the pharmaceutical industry still relies on batch manufacturing to
produce the vast majority of their active pharmaceutical ingredients (APIs).}? This dependence on batch
manufacturing is such that processes naturally continuous or semi-continuous, like in-line milling, spray drying,

and tablet compression, are often adapted for batch operation.®

There are several reasons why batch manufacturing has been the preference of the pharmaceutical industry for
so many years. First of all, the multipurpose equipment that is typically used in batch manufacturing offers the
versatility required to deliver a wide range of products with limited lifetimes. Batch manufacturing is also the
easiest way to segregate the product in lots, facilitating the elimination of off-spec material to comply with
quality requirements and regulations. In addition, the first development stages that are performed in the
laboratory, where operations are predominantly batch, are naturally translated into the industrial scale.
Moreover, the regulatory agencies tend to discourage any attempt to change the processes once the products are
licensed.®>* However, there are also several disadvantages associated with batch manufacturing. The production
costs are usually inflated by high labor costs, excess inventories and significant downtime between batches;
there are also serious issues with batch-to-batch variability and scale-up.t*> Moreover, batch manufacturing

lacks flexibility to respond to market growth or shortages.>

The pharmaceutical industry has benefited from high-profit margins, overall market control and a highly
regulated environment that constrains competition for many years. This generated a competitive business that
relies almost exclusively on the development of new drugs, while the investment in innovative technologies
remains practically overlooked.}® However, over the past few decades, the entry of generics products after
patent expiration, the opening of new markets, and the socioeconomic pressure to reduce prices, has been forcing
manufacturers to increase the efficiency of their processes.® This new stimulus for innovation has highlighted
the benefits of continuous manufacturing to produce APIs. Increased safety is one of the main advantages of
continuous manufacturing, mainly because it requires smaller volumes of equipment than batch manufacturing,
which reduces the severity in case of an accident. In addition, it does not require batch handling, which reduces
the number of operators on site and increases the operator safety.” Operation in continuous flow also provides
enhanced heat and mass transfer, and precise control of the temperature and residence time, which minimizes
the formation of impurities, enhances the selectivity, and maximizes the yield. Ultimately, the generation of

waste and the consumption of energy can also be minimized.” Furthermore, continuous laboratory-scale
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operations can be linearly scaled up with minimal re-optimization, thus reducing the time required to implement
new processes at manufacturing-scale and accelerating the release of new products.®’ In addition, the production
capacity can be more easily controlled to reduce costs associated with transportation, overproduction and long-

term storage of APIs prior to formulation.”

The manufacture of APIs typically involves a series of reaction steps, followed by several postreaction
operations, such as crystallization, filtration, drying and crystal size reduction operations. The benefits of
continuous manufacturing are particularly relevant in the crystallization step, which defines the final properties
of the product, including purity, crystal size and crystal size distribution (CSD), crystal shape, polymorphism
and chirality. However, continuous crystallization is still one of the most challenging and undeveloped

postreaction operations in the manufacture of APIs.

Most APIs are crystallized in simple batch processes. These processes are reasonably well understood and offer
considerable advantages: the equipment is rather simple and flexible and requires a low level of maintenance;
they are suitable for toxic or viscous substances, which are particularly difficult to process; their design and
development often require reduced time and investment; they are suitable to produce larger crystals for systems
that exhibit slow crystal growth; and also show reduced encrustation on heat-exchanger surfaces.®® However,
batch crystallization processes also suffer from low capacity, high requirements of human intervention and
significant down time between batches. There are also significant issues with batch-to-batch variability that can
have a significant impact on downstream processes, such as filtration and drying, and lead to corrective
processes, such as granulation, milling and recrystallization. In addition, there are also many challenges
associated with scaling-up the agitation from the laboratory- to the manufacturing-scale, particularly the
impossibility of keeping the same tip speed (which influences peak shear, and, therefore, particle breakage) and
power per unit volume (which influences the blending time and the particle suspension) at the same time.1%*3
In contrast, continuous crystallization offers several advantages in each of these challenges. Continuous
crystallization processes require small equipment and space, which makes them efficient and high throughput,
and reduces safety hazards. Also, they have short supply chains, which allow fast response to market shortage
and eliminates (or at least reduces) the storage/shipping costs for intermediates. In addition, continuous
crystallization processes are simpler to develop, monitor and control because their key characteristics are
roughly constant at all times, which reduces batch-to-batch variations and eliminates some downstream
corrective operations. Therefore, continuous crystallization has been attracting the interest of more and more

pharmaceutical companies.t417
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1.2 Thesis Motivation

The advent of continuous manufacturing in the pharmaceutical industry has encouraged the development of
new crystallizers specifically designed for continuous crystallization. There are basically two ideal models of
continuous crystallizers: the mixed suspension mixed product removal (MSMPR) crystallizer and the plug flow
crystallizer (PFC), which are analogous to the continuous stirred tank reactor and the plug flow reactor in the
chemical reaction engineering. On the basis of these two models, many other continuous crystallizers have been
developed. The oscillatory flow crystallizer (OFC), a relatively recent variant of the PFC, is one of the examples.

A conventional OFC consists of a tubular crystallizer containing evenly spaced orifice baffles where a
periodically oscillating motion is superimposed on the net flow — Figure 1.1. The interaction between the
oscillating fluid and the baffles results in the generation and cessation of vortices, which provides both axial
and radial mixing in the tube. This creates zones of uniform mixing in each inter-baffle cell, and the OFC itself

can be regarded as a series of well mixed cells with an overall plug flow behavior.

—A 0 0 =

el ﬂi@a .

Oscillation| Net flow

) \ o /
' —_—
Oscillation \ Net flow

Figure 1.1 — Oscillatory flow crystallizer.

OFCs have been used for the continuous crystallization of a variety of products, including aspirin,*®  -glutamic
acid,’® lactose,?>?! paracetamol,?>?® salicylic acid,?* benzoic acid,® o-lipoic acid:nicotinamide?® and an
unspecified API.12 One of the major benefits provided by OFCs is their close to plug flow behavior, which
allows to produce crystals with narrow CSDs. This is important for pharmaceutical crystallization because the
CSD determines the API dissolution profile and, consequently, its bioavailability, and plays a key role in the

efficiency of downstream operations, such as filtration, drying and formulation.%*3

Besides the conventional orifice baffles, several other baffle types have been developed, including integral,
central axial, round-edged helical, sharp-edged helical, sharp-edged helical with a central insert and wire wool
baffles. Integral baffles are particularly useful for continuous crystallization, especially when they are designed
with smooth periodic constrictions (SPC) instead of sharp edge periodic constrictions (SEPC). This is because

OFCs with SPC generally require a lower amplitude of oscillation to fully suspend solids than OFCs with SEPC
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of the same size ratio,?” presumably due to the formation of stagnant zones close to the SEPC.?® Additionally,

OFCs with SPC also display more uniform mixing and less extent of backmixing than OFCs with SEPC.?’

Despite their mixing efficiency, some problems related to the suspension and flowability of solids in tubular-
OFCs have been reported lately.?” In some cases, the formation of encrustations on the surfaces of the tubes has
even lead to loss of control, blockages and, ultimately, process shut-down.*?22° To overcome these limitations,
a new variant of OFCs, known as planar-OFCs, was recently developed.? The main difference between a planar-
OFC and a conventional tubular-OFC lies in its cross-section, which is rectangular rather than circular — Figure
1.2. Therefore, while in a tubular-OFC the constriction section is more elevated than the straight section, which
restrains the flow of solids along the tube due to the accumulation of solids close to the constrictions, in a planar-
OFC the constriction section and the straight section are at the same level, which facilitates the flow of solids
along the channel. Another important feature of a planar-OFC is its design with SPC, which also facilitates the
suspension of solids. However, despite their great potential, planar-OFCs have not yet been used for the

continuous crystallization of APIs. This will be the main subject of this thesis.

(a) (b)

Figure 1.2 — (a) Tubular-OFC with SPC. (b) Planar-OFC with SPC. D is the tube diameter in the straight
section, Do is the tube diameter in the constriction, L; is the constriction length, L is the straight section
length, W is the channel width in the straight section, Wy is the channel width in the constriction, and H is the

channel height.

1.3 Thesis Goals

The main goal of this thesis was to investigate how continuous crystallization processes can be implemented in
planar-OFCs to produce APIs with narrow CSDs. To accomplish this goal, the geometry of the planar-OFC was
optimized to facilitate the suspension of solids, maximize the mixing efficiency, and minimize the axial
dispersion during continuous crystallization, and the operating conditions in the planar-OFC were manipulated

to control the nucleation and crystal growth kinetics during continuous crystallization.
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1.4 Thesis Outline

This thesis is divided into eleven chapters.

Chapter 1 — Introduction

Chapter 1 introduces the thesis scope, motivation and goals, and describes the thesis outline.

Chapter 2 — Crystallization Theory

Chapter 2 presents basic concepts related to the crystallization theory, including supersaturation, homogeneous

and heterogeneous primary nucleation, secondary nucleation, crystal growth and agglomeration.

Chapter 3 — Literature Review

Chapter 3 presents the basic operating principles of an OFC, and reviews the relevant literature on the
hydrodynamic characterization of tubular-OFCs, with a special focus on suspension of solids, mixing efficiency
and axial dispersion, and on the batch and continuous crystallization in tubular-OFCs, with a special focus on
crystallization kKinetics, including nucleation and crystal growth Kinetics, and control of final properties,

including purity, crystal size, crystal shape, polymorphism, and enantiomorphism.

Chapter 4 — Suspension of Solids in Planar Oscillatory Flow Crystallizers

Chapter 4 explains how the suspension of solids is affected by the oscillation conditions and the geometric
parameters in a planar-OFC. The minimum mixing intensity required to fully suspend different concentrations
of polyvinyl chloride (PVC) particles in water was determined in three planar-OFCs with different geometries.
The experimental conditions were chosen to simulate typical conditions during pharmaceutical crystallization:
diameter of the particles between 100 and 200 um, density of the fluid close to 1 g cm™ and concentration of

solids between 10 and 30% (w/w). In this chapter, the experiments were performed in batch.

Chapter 5 — Mixing Time in Planar Oscillatory Flow Crystallizers

Chapter 5 explains how the mixing time is affected by the oscillation conditions and the geometric parameters
in a planar-OFC. The time required to reach a specific degree of concentration uniformity after an injection of

a tracer was determined in three planar-OFCs with different geometries. The mixing time was determined for a
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homogeneous system using indigo carmine as a liquid tracer, and for a heterogeneous system using particles of
PVC as a solid tracer. In this chapter, the experiments were performed in batch.

Chapter 6 — Axial Dispersion in Planar Oscillatory Flow Crystallizers

Chapter 6 explains how the axial dispersion is affected by the oscillation conditions and the geometric
parameters in a planar-OFC. The residence time distribution was determined in three planar-OFCs with different
geometries. The axial dispersion was determined for a homogeneous system using indigo carmine as a liquid
tracer, and for a heterogeneous system using particles of PVC as a solid tracer. In this chapter, the experiments

were performed in continuous.

Chapter 7 — Nucleation Kinetics in a Planar Oscillatory Flow Crystallizer

Chapter 7 explains how the nucleation kinetics are affected by the oscillation conditions in a planar-OFC. In
this chapter, the batch isothermal crystallization of paracetamol from aqueous solutions was used as a case
study. The nucleation rate was calculated from the probability distribution of detection times, and the kinetic
and thermodynamic parameters were estimated from the classical nucleation theory

Chapter 8 — Crystal Growth Kinetics in a Planar Oscillatory Flow Crystallizer

Chapter 8 explains how the crystal growth kinetics are affected by the oscillation conditions in a planar-OFC.
In this chapter, the batch isothermal crystallization of paracetamol from mixtures of ethanol and water was used
as a case study. An empirical power-law equation was used to describe the influence of supersaturation on the
crystal growth rate, and the crystal growth kinetic parameters were estimated by fitting a mass balance equation

to the experimental desupersaturation data.

Chapter 9 — Continuous Cooling Crystallization in a Planar Oscillatory Flow Crystallizer

Chapter 9 describes how a continuous cooling crystallization process can be implemented in a planar-OFC. In
this chapter, the continuous cooling crystallization of paracetamol from mixtures of ethanol and water was used

as a case study. The main goal was to produce crystals with a narrow CSD.
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Chapter 10 — Continuous Antisolvent Crystallization in a Planar Oscillatory Flow Crystallizer

Chapter 10 describes how a continuous antisolvent crystallization process can be implemented in a planar-OFC.
In this chapter, the continuous antisolvent crystallization of a model APl was used as a case study. The main
goal was to produce small crystals to meet very specific formulation requirements and, simultaneously, promote

the aggregation of these small particles to optimize the filtration operation.

Chapter 11 - Final Remarks

Chapter 11 presents the main conclusions of this thesis and proposes future work.

Notation

Acronyms Latin Symbols

API Active pharmaceutical ingredient D Tube diameter in the straight section
CsD Crystal size distribution D, Tube diameter in the constriction
MSMPR Mixed suspension mixed product removal H Channel height

OFC Oscillatory flow crystallizer Ly Constriction length

PFC Plug flow crystallizer L, Straight section length

PVC Polyvinyl chloride w Channel width in the straight section
SEPC Sharp edge periodic constrictions w, Channel width in the constriction
SPC Smooth periodic constrictions
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Crystallization Theory

Chapter 2 - Crystallization Theory

Crystallization is an important separation and purification process, which is particularly critical for the
pharmaceutical industry because more than 90% of all active pharmaceutical ingredients (APIs) are crystals of
small organic molecules.! The crystallization process consists of a phase change in which a crystalline product
is obtained from a solution, i.e. a mixture of two or more species that form a homogeneous single phase, which
might be liquid, solid or gaseous.? Crystallization from liquid solutions, consisting of a solid solute dissolved in

a liquid solvent, is the most common and will be covered in more detail in this work.

The concentration of saturation, or solubility, is the maximum amount of solute that can be dissolved in a given
amount of solvent at a given temperature. Solutions are classified as unsaturated, saturated or supersaturated as
the concentration of solute is less than, equal or greater than solubility, respectively.? The state of supersaturation
is required for crystallization because the difference between the chemical potential of a given solute i in a
supersaturated solution, 4, and in a saturated solution, 7, is the fundamental driving force for crystallization.

The chemical potentials u; and y; are calculated as:

2.1
pi =) + RTIna; = ud + RT Iny; C; 21)

pi =ud +RTInaf = p) + RTIny{C; (22)
where R is the ideal gas constant, T is the temperature, u° is the standard chemical potential, a is the activity,
y is the coefficient of activity, and C is the concentration in solution. The indices i, s and * refer to solute i, in
saturated solution and in supersaturated solution, respectively. Thus, the difference of chemical potentials, Au,

results from the subtraction of Equations (2.1) and (2.2):

Ap a; YiCi (2.3)
Lt —Int 2t

RT a; viC}

However, the coefficient of activity of the solute is usually not known. Therefore, the supersaturation is usually

expressed as concentration driving force, AC, supersaturation ratio, S, or relative supersaturation, . These

variables are defined as:

AC=C~-C* (2:4)
c (2.5)

S = F
c-Cs (2.6)

o = Cs

11
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2.1 Nucleation

Crystallization can be described as a two-step process. In the first step, a stable solid phase arises in the form of
nuclei and in the second step these nuclei become larger crystals by subsequent deposition of solute. These two

steps are known as nucleation and crystal growth, respectively.

The nucleation mechanism can be classified as either primary or secondary, as it occurs in the absence or in the
presence of solute crystals, respectively. Primary nucleation can be further classified as heterogeneous or
homogeneous as it occurs with or without the interference of foreign particles, respectively.® The Ostwald-Miers
diagram shows the relationship between supersaturation and the probability of homogeneous (or spontaneous)
nucleation — Figure 2.1. The solid line represents the solubility curve and the dashed line represents the
supersaturation curve. The supersaturation curve is not as well defined as the solubility curve as its position in
the diagram depends on, amongst other things, the rate at which supersaturation is generated and the intensity

of agitation. The gap between the two curves defines the metastable zone.*
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Figure 2.1 — Ostwald-Miers diagram. Adapted from reference 4.

The interpretation of this diagram implies the analysis of three zones: the stable (unsaturated) zone, where
crystallization is impossible because the chemical potential of the solution is less than the chemical potential of
the solid phase, and the crystal tends to dissolve; the metastable (supersaturated) zone, where spontaneous
nucleation is improbable, but crystal growth may occur on the surface of a seed (solute crystal or impurity); and

the unstable or labile (supersaturated) zone, where spontaneous nucleation is probable, but not inevitable.
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2.1.1 Methods to Create Supersaturation

When a solution represented by point A in Figure 2.1 is cooled down without loss of solvent, the nucleation
process might be induced by seeding, agitation or mechanical shock somewhere between point B and C, or it
might be spontaneously triggered by further cooling to some point D. This cooling trajectory is the most

common method to generate supersaturation and induce nucleation.

Alternatively, some of the solvent can be removed from the solution by evaporation to increase the concentration
of the system and eventually achieve supersaturation. When this operation is carried out at constant temperature
the system follows a trajectory similar to line AB’C’ in Figure 2.1.# This method is often employed when the

solvent is non-aqueous and has a relatively high vapor pressure.?

It is also very common to use a combination of cooling and evaporation to generate supersaturation by
decreasing simultaneously the pressure and the temperature of the system.® Such operation is typically known

as vacuum crystallization and follows a trajectory similar to line AB”C” in Figure 2.1.

The fourth option consists in adding a second solvent to the solution so as to create a mixed solvent system in
which the solubility of the solute is greatly decreased. A material should be chosen that is miscible with the
solute-solvent system and in which the solute is not soluble. This method is commonly known as drowning out

or antisolvent and is particularly useful for the crystallization of organic compounds.?

Finally, it is also possible to generate supersaturation through chemical reaction of two soluble materials that
form a product with low solubility. This method is commonly known as precipitation or reactive crystallization

and is particularly useful for the crystallization of inorganic compounds.?

2.1.2 Primary Nucleation

Homogeneous Nucleation

At a given temperature, the average concentration of a supersaturated solution is constant, however, local
fluctuations of concentration might lead to the formation of aggregates (or clusters). The classical nucleation
theory states that these clusters are formed in solution through a mechanism of addition that succeeds until a
critical size is reached.® Therefore, the nucleation rate, J, defined as the number of nuclei formed per unit of
time per unit of volume, can be obtained from an Arrhenius-type equation as the product of the concentration
of critical nuclei in solution — exponential term of Equation (2.7) — and the rate of addition of one further

building block — pre-exponential term of Equation (2.7):

_AGcrit) 2.7)

=4
)= oo (S
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where A is a factor related to the frequency of molecular collision, AG,,;; is the excess free energy barrier that

must be surpassed so that primary homogeneous nucleation occurs, k is the Boltzmann constant, and T is the

temperature.’
The overall excess free energy between a particle of solute and the solute in solution, AG, results from the
contribution of the surface excess free energy, AGs, and the volume excess free energy, AGy,. Thus:

AG = AGg + AG, = BL*y + al3AGy (2:8)

where y is the surface tension, and 8 and « are the area and volume shape factors, based on the characteristic
length L, respectively. Considering a spherical nuclei, whose characteristic length is the diameter, d, the area

factor is 8 = m and the volume factor is « = /6. Therefore, for a spherical nucleus:

4 2.9
AG = 4mr?y + §nr3AGV (29)

where 7 is the nucleus radius.

The free energy diagram, where the excess free energies AGs and AGy, as well as the overall excess free energy

AG are plotted against the nucleus radius, is presented in Figure 2.2.
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Figure 2.2 — Free energy diagram. Adapted from reference 8.

This figure shows that the overall excess free energy AG passes through a maximum because the excess free

energies AGs and AGy, are of opposite sign. The maximum value, AG_,.;+, corresponds to the critical nucleus, 7,
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which is thermodynamically stable. Figure 2.2 shows that, since the system always evolves towards the
minimum free energy, a newly created cluster will either grow or redissolve depending on its size. Clusters
smaller than 7. will redissolve and clusters larger than 7. will continue to grow. Therefore, AG.,;; is the excess

free energy barrier that must be surpassed so that primary nucleation occurs.

For a spherical nucleus, 7 is obtained by maximizing Equation (2.9) with dAG/dr = 0:

dAG 5 (2.10)
—— = 8nr,y +4nrFAGy =0
dr
Therefore:
—2y (2.11)
Te = ——
AGy
From Equations (2.9) and (2.11) we get:
dmyr? (2.12)
AGerir = TC

On the other hand, the growth of clusters is governed by the Gibbs-Thompson equation:®

2yv (2.13)

where S is the supersaturation ratio, and v is the molecular volume. Joining Equations (2.12) and (2.13) together

for r = r, we get:

16my3v? (2.14)
AGerit = oz
3(kTInS)
Hence, from Equation (2.7):
—16my3v? (2.15)
J = Aexp <3k3T3(lnS)2>

It is now clear that three main variables control the nucleation rate: the temperature, the supersaturation, and the
surface tension. The supersaturation influences both terms of Equation (2.15), but the dependence of the pre-
exponential term is only linear, whereby it is often neglected. Moreover, the solvent is expected to influence the

surface tension and also the pre-exponential term through the mobility of the molecules in the solution.’
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However, it has been found that Equation (2.15) predicts nucleation rates only at extremely high
supersaturation, whereby it is often approximated to a power law equation.'® This equation is based on the
concept of metastable limit and predicts the dependence of the nucleation rate, By, on the supersaturation,
expressed as concentration driving force, AC, or relative supersaturation, ¢, with two correlation parameters:

the nucleation rate coefficient, k;, and the nucleation rate order, b:

By = kpACP or B = kyo? (2.16)

Heterogeneous Nucleation

As previously mentioned, nucleation may also occur on the top of a foreign particle, which is known to reduce

the overall excess free energy associated with the formation of a critical nucleus.® Therefore:

, (2.17)

AGerie = AGri
where AG,,;, is the excess free energy associated with the formation of a critical nucleus under heterogeneous
conditions, and ¢ is a factor less than unity. The factor ¢ depends on the angle of contact between the crystalline

deposit and the surface of the foreign particle, 6, as:

(2 4+ cos0)(1 — cosB)? (2.18)
¢= 4

The angle of contact depends on the surface tension between the three phases: the crystalline deposit, the foreign
particle and the supersaturated solution. Figure 2.3 shows a surface energy diagram for the three phases in
contact. y.; is the surface tension between the crystalline deposit and the liquid, yg; is the surface tension
between the foreign particle and the liquid, and y, is the surface tension between the crystalline deposit and the

foreign particle.

Vei

Crystalline
deposit (c)

Liquid (1)

Foreign particle (s)

Figure 2.3 — Surface energy diagram. Adapted from reference 8.
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In the horizontal direction:

Vst = Yes (2.19)

Vst = Ves + Ve €COs0 & cosl =
Yea

When the crystalline deposit has no affinity with the foreign particle: 6 = 180°, cos8 = —1 and ¢ = 1. Thus
AG ..y = MG, 1.€. the overall excess free energy of nucleation is the same as that required for homogeneous
nucleation. When the crystalline deposit has partial affinity with the foreign particle: 0° < 8 < 180° and ¢ <
1. Thus AG,.; < AGgyy, ie. the overall excess free energy is less than that required for homogeneous
nucleation. Finally, when the crystalline deposit has complete affinity with the foreign particle: 6 = 0°and ¢ =
0. Thus AG,,;; = 0, i.e. the overall excess free energy required tends towards zero. This corresponds to seeding
a supersaturated solution with crystals of solute — secondary nucleation. These three situations are presented in

Figure 2.4.

6=180° 0°<6<180° 6—>0°

Liquid Liquid

Crystalline

deposit Crystalline

deposit

-~~~ Crystalline deposit

Figure 2.4 — Heterogeneous nucleation when 6=180 ° (on the left), 0 °<6<180 ° (on the middle) and 6=0 ° (on
the right).

2.1.3 Secondary Nucleation

Secondary nucleation occurs at or in the direct vicinity of a parent crystal surface, also known as a seed.!
Several mechanisms are proposed in the literature to describe secondary nucleation. These mechanisms trace
back the origin of secondary nuclei to the solution layer adjacent to the crystal surface or to the parent crystal
itself.*> The former category includes contact nucleation and fluid shear, while the latter includes initial

breeding, needle breeding and attrition.®

Contact nucleation occurs when clusters of solute loosely ordered in the adsorption layer adjacent to the surface
of a seed are torn away by mechanical forces.® The number of contact nuclei generated increases as
supersaturation increases as a result of two main contributions: first, the critical nucleus size decreases with
supersaturation, which increases the number of displaced clusters that subsist in the bulk; and second, the
thickness of the adsorption layer adjacent to the surface of a seed increases with supersaturation, which increases

the number of clusters available for contact nucleation.*®
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Fluid shear nucleation also relies on the principle of removing adsorbed molecules from the adsorption layer,
but as a result of fluid shear instead of mechanical forces.®** High levels of fluid shear are usually found in
industrial crystallizers, however, for this mechanism to be dominant, it needs to be combined with high levels

of supersaturation for a considerably extensive period of time.!31°

Initial breeding may occur when a seed is added to a supersaturated solution.®® Small crystalline particles that
occasionally grow on the surface of a seed are swept off when the seed comes into contact with the liquid. Some
of these fragments may be larger than the critical nucleus size and act as stable nucleation sites.® However, the
number of fines on the surface of a seed is limited and initial breeding cannot serve as a sustained source of

nucleation.?

Needle breeding occurs when needle shaped crystalline structures growing from a parent crystal are broken off
by mechanical or fluid shear forces. The formation of these surface irregularities requires a rather high
supersaturation level or the presence of habit modifying additives,* whereby this mechanism is considered very

unlikely in industrial crystallizers.*®

Attrition refers to crystal breakage resulting from either mechanical forces, such as crystal-crystal, crystal-
crystallizer and crystal-stirrer contact, or fluid shear.® Several factors, including the operation conditions, such
as agitation rate,'? suspension density®® and retention time,!” and the mechanical properties of the crystals, such

as hardness, fracture resistance and Young modulus,*®*° are known to have a great impact on attrition rate.

Although both contact nucleation and attrition depend on the collision energy, different outcomes distinguish
the two mechanisms. First, in contrast with contact nucleation, which is supersaturation dependent, attrition,
being a mechanical process, is not.”> And second, while damaged parent crystals and macro-fragments are
immediately detected under attrition, no visual changes are found under contact nucleation, which requires a
time delay for the appearance of secondary nuclei of a detectable size.'®> Moreover, the energy required for
attrition is far higher and a transition from contact nucleation to attrition prevalence is likely to occur when the

collision energy increases.*®

Considering the great complexity of these phenomena, the various models presented in the literature to predict
the secondary nucleation rate are necessarily based on oversimplified assumptions.?! Nevertheless, several
correlations based on the power law model have been used to explain most of the experimental data
satisfactorily. The power law model that predicts the dependence of the secondary nucleation rate on the
supersaturation is identical to Equation (2.16). However, in the case of secondary nucleation, the nucleation
rate coefficient depends on, amongst other things, the degree of agitation, the suspension density and the

characteristic length of the parent crystals.?

18



Crystallization Theory

2.2 Crystal Growth

As soon as stable nuclei are formed in a supersaturated solution, they start to grow into crystals of visible size.
Several models have been proposed in the literature to describe crystal growth, including surface energy,
adsorption layer, kinematic and diffusion layer theories and the birth and spread model.® The diffusion layer
theory, in particular, provides a reasonable parallelism between the crystal growth theory and the practical world
of industrial crystallization, and is commonly used to correlate most of the experimental data from industrial

crystallization processes.®

B|)e—| 4| i

Figure 2.5 — Stages of crystal growth. Adapted from reference 8.

This theory envisages crystal growth as a two-step mechanism: first, the molecules of solute diffuse through the
boundary layer to the crystal surface, and then are incorporated into the crystal surface. The molecules of solute
can be incorporated into the crystal surface at three different sites, which can be distinguished by the number of
bonds established between the molecule and the crystal. The three different sites are labeled as A, B and C on
Figure 2.5. At site A, the molecule is attached only to the surface of a growing layer, at site B, the molecule is
attached to both the surface and to a growing step, and at site C, the molecule is attached to more than two
surfaces at what is known as a kink site. From an energetic point of view, C is more favorable than B, and B
more favorable than A.% Figure 2.5 also illustrates the different stages of crystal growth as explained by the
diffusion layer theory: after the transport of solute to the neighborhood of the crystal surface (i) and subsequent
diffusion through the boundary layer, adjacent to the surface (ii), the solute adsorbs on the crystal surface (iii),
then diffuses over the surface (iv), attaches to a step (v), then diffuses along the step (vi) and finally integrates

into the crystal at a kink site (vii).?

Therefore, for the single one-dimensional case shown in Figure 2.6, the rate of mass increase of the crystal

must equal the diffusion rate through the boundary layer as:
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2.20
E = de(C - Cl) ( )
where m is the mass of solid deposited in time ¢, k, is the coefficient of mass transfer by diffusion, A is the

surface area of the crystal, C is the concentration of solute in the bulk solution, and C; is the concentration of
solute at the crystal-solution interface.
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Figure 2.6 — Concentration driving forces. Adapted from reference 8.

dm

On the other hand, the rate of solute integration into the crystal surface can be equated to an i-order reaction as:

T k;A(C; — C5)}

(2.21)
where k; is the coefficient of surface integration, and C* is the solubility. If i = 1, then Equations (2.20) and
(2.21) can be combined to obtain the overall crystal growth rate, R, as:

G = %CZ—T = kyAC (2.22)
where:
1 1 1
E ot (2.23)
where k is the overall coefficient of crystal growth.
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In this case, when k,; < k;, the crystal growth rate is diffusion controlled and k,; = k4. When k; < kg4, the

crystal growth rate is integration controlled and k, = k;.

If i = 2, the combination of Equations (2.20) and (2.21) vyields:

1 2k; 4k; 1/2
Rg =———|1+°=ac — (——AC +1 2.24
G Zki/kg[ "k (kd +1) (2.24)

If 1 <i < 2, an explicit expression cannot be obtained and the following approximation is typically used:
Rg = kyACY (2.25)
where g is the growth rate order.

The overall coefficient of crystal growth, k,, depends on the temperature and is usually fitted to an Arrhenius-

type equation as:

~E
ky = Aexp (R_TG) (2.26)

where A is a constant and E; is an activation energy. Therefore, a complete crystal growth rate expression that

includes both the effect of temperature and supersaturation can be written as:
R, =A (_EG) ACY (2.27)
G = eXp RT .

The effectiveness factor for crystal growth, n, defined as the ratio of the measured growth rate to the expected
growth rate with negligible diffusion resistance, provides a quantitative measure of the degree of diffusion or
surface integration control.?

~ k;ACE

n (2.28)

As n - 1, surface integration plays a larger and larger role in controlling growth rate.® When diffusion is the
controlling step, the growth rate increases when the diffusion resistance in the boundary layer of the crystal
surface decreases. This can be achieved by increasing the relative solid-liquid velocity, which is controlled by
the mixing intensity. On the other hand, when surface integration is the controlling step, crystal growth rate

increases rather weakly with mixing intensity.?

The crystal growth rate defined as a mass deposition rate, R; (kg m? s?), can also be converted into an overall
linear growth rate, G (m s?), or a mean face growth rate, o (m s*). The relationships between these quantities

are:
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R _kACg_ldm_Sa G_Ba dL_6a dr_6a B 299

where p, is the crystal density.

2.3 Agglomeration

Agglomeration occurs when smaller particles come together to form larger ones.?” This term is understood to
encompass three different phenomena: the formation of flocculates, whose cohesion forces are weak, the
formation of agglomerates, whose cohesion forces are very strong, and the formation of aggregates, whose
cohesion forces are intermediate to agglomerates and flocculates.?® While flocculates and aggregates can be
generated in saturated or undersaturated solutions, strong agglomerates, which are tightly bound by solid
bridges, can only be generated in supersaturated solutions.?® Figure 2.7 shows that depending on the size of the
particles, different force regimes are necessary. While intermolecular forces suffice to bind very small particles,
liquid or solid bridges are necessary to bind larger ones.?
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Figure 2.7 — Particle strength against particle size. Adapted from reference 29.

Agglomeration occurs in a two-step sequence of collision and adhesion. However, before colliding, the two
particles have to be brought close together, which is only possible when the attractive forces prevail over the

repulsive forces between them. Then, when the supersaturation is high and the two particles remain attached for
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a sufficient period of time, a solid bridge is formed between the two particles which keeps them tightly bound
together. This is illustrated in Figure 2.8.

Figure 2.8 — Formation of a solid bridge after collision. Adapted from reference 29.

This mechanism is governed by a number of parameters, including the hydrodynamic conditions (such as mixing
and local turbulence), the properties of the solvent (such as viscosity and density), the properties of the crystals
(such as size and habit), the population density of the crystals, the supersaturation and respective growth rate,
and the cohesion forces between the solvent, impurities, and the crystals.?® As a rule, systems with high
temperatures, low viscosities, small particle sizes, high particle concentrations and high diffusivities are prone
to agglomeration. The role of the specific power input, which impacts the turbulence and the shear rate of the
system, is more complex because it influences both the agglomeration rate and the disruption rate. However, it
has often been observed that the increase of specific power input promotes first agglomeration and then
disruption. Therefore, the size of the agglomerates is limited to a maximum value which corresponds to the
maximum agglomeration rate.?® This is illustrated in Figure 2.9 where the number of particles per unit volume

if qualitatively plotted against the specific power input for two different agglomerate sizes, L and two

agg
supersaturations, S.

is small

L

agg

Number of particles per unit volume

Specific power input

Figure 2.9 — Number of particles per unit volume against specific power input. Adapted from reference 29.
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Notation

Acronyms
API

Latin Symbols

AGcrit
AG;rit

AGg
AG,

References

Active pharmaceutical ingredient

Pre-exponential constant

Crystal surface area

Activity of solute i in a supersaturated solution
Activity of solute i in a saturated solution
Nucleation rate order

Nucleation rate

Concentration of solute in the bulk
Concentration of solute at the crystal-solution
interface

Concentration driving force

Concentration of solute i in a supersaturated solution
Concentration of solute i in a saturated solution
Nucleus diameter

Activation energy

Growth rate order

Overall linear growth rate

Overall excess free energy

Critical excess free energy for homogeneous
nucleation

Critical excess free energy for heterogeneous
nucleation

Surface excess free energy

Volume excess free energy

Reaction order

Nucleation rate

Boltzmann constant

Nucleation rate coefficient

Diffusion mass transfer coefficient

Overall crystal growth coefficient

Surface integration coefficient

Characteristic length

Agglomerate size

Mass of solid

<

Greek Letters

Vst

Au

uf

s

Hi

Pc

Nucleus radius

Ideal gas constant

Nucleus critical radius
Overall crystal growth rate
Supersaturation ratio
Time

Temperature

Molecular volume

Mean face growth rate

Volume shape factor

Area shape factor

Surface tension

Surface tension between the crystalline deposit and
the liquid

Surface tension between the crystalline deposit and
the foreign particle

Coefficient of activity of solute i in a supersaturated
solution

Coefficient of activity of solute i in a saturated
solution

Surface tension between the foreign particle and the
liquid

Difference of chemical potential

Crystal growth effectiveness factor

Contact angle between the crystalline deposit and the
foreign particle

Chemical potential of a solute i in a supersaturated
solution

Standard chemical potential of solute i

Chemical potential of a solute i in a saturated
solution

Crystal density

Relative supersaturation

Factor less than unity

Q) Chen, J.; Sarma, B.; Evans, J. M. B.; Myerson, A. S. Pharmaceutical Crystallization. Cryst. Growth Des.
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Chapter 3 - Literature Review

A conventional oscillatory flow crystallizer (OFC) is a tubular crystallizer with evenly spaced orifice baffles
where a periodically oscillating motion is superimposed on the net flow. The OFC can be operated batchwise
or continuously, in horizontal tubes or vertical columns. The oscillatory motion is created in the axial direction
by moving baffles or moving fluid, by means of diaphragms, bellows or pistons, at one or both ends of the tube

— Figure 3.1.1

£y e
D 9 D, S
«— ¥ Net flow

Oscillation
R
Net flow

Figure 3.1 — OFC with moving fluid (on the top) and OFC with moving baffles (on the bottom). D is the tube

+—>

Oscillation

diameter in the straight section; Dy is the tube diameter in the constriction; L is the distance between

constrictions.

While the mixed suspension mixed product removal (MSMPR) crystallizer and the plug flow crystallizer (PFC)
rely on stirring mechanisms and turbulent flow conditions for mixing, the OFC relies on the interaction between
the oscillating fluid and the baffles. The flow patterns in an OFC are generated by two half cycles. This
mechanism is illustrated in Figure 3.2. First, the fluid accelerates as it passes through the baffles, forming vortex
rings at downstream. Then, when the fluid reaches the maximum velocity, the flow is reversed and the vortices
are swept into the bulk as the fluid decelerates.? The generation and cessation of vortices is controlled through
a combination of geometric and operating parameters. This mechanism results in enhanced mixing in the region
between two consecutive baffles, and the OFC itself can be regarded as a series of well mixed tanks with an
overall plug flow behavior. Therefore, since mixing is independent of the throughput velocity, the OFC can be
operated at low net flow rates, corresponding to the laminar regime in the absence of oscillations, while
maintaining good mixing and plug flow behavior.* In this way, the OFC can accommodate longer residence
times under effectively turbulent conditions with a reduced tube length compared to the corresponding PFC,

which represents significant savings in terms of footprint and capital costs.?
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Figure 3.2 — Mechanism of oscillatory flow mixing. (a) start of up stroke; (b) maximum velocity in up stroke;
(c) start of down stroke; (d) maximum velocity in down stroke. Reprinted from Chemical Engineering Journal,
112, Fitch, A. W., Jian, H., Ni, X., An investigation of the effect of viscosity on mixing in an oscillatory
baffled column using digital particle image velocimetry and computational fluid dynamics simulation, 197—
210, Copyright 2005, with permission from Elsevier B.V.

The overall fluid dynamic conditions in an OFC are governed by three dimensionless numbers: the net flow
Reynolds number, Re, the oscillatory Reynolds number, Re,, and the Strouhal number, St. The net flow

Reynolds number describes the ratio of inertial forces to viscous forces in a flowing fluid. Re is defined as:

uDp (3.1)

where u is the superficial net flow velocity, D is the tube diameter in the straight section, p is the fluid density,
and u is the fluid viscosity. There is little advantage in using oscillatory flow if Re > 250, as the effects of the

net flow become more significant and the benefits of operating at laminar flow rates diminish.*

The oscillatory Reynolds number describes the mixing intensity applied to the tube. The definition of Re, is
similar to Re, but the superficial net flow velocity, u, is replaced by the maximum oscillation velocity, 2 fx,,
as:

_ 2mfxoDp 3.2)

Re, P

where f is the frequency of oscillation, and x, is the amplitude of oscillation (center-to-peak in the straight
section). To ensure full flow reversal, the maximum oscillation velocity should be always higher than the net
flow velocity through the tube. Therefore, the velocity ratio, ¥, defined as ¥ = Re,/Re, should be always

greater than 1. Values in the range of 2-10 have been recommended for plug flow operation.®
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Finally, the Strouhal number describes the ratio between the diameter of the tube and the amplitude of

oscillation, measuring the actual propagation of the eddies.® St is defined as:

G- D (3.3)
t= 41X,

Ni and Gough® also suggested a modified Strouhal number which uses the tube diameter in the constriction, Dy,

as the characteristic length. The modified St number, St, is defined as:

D, (3.4)
Sto -
Xy

The constrictions are usually orifice baffles, however, several other baffle types, including integral, central axial,

round-edged helical, sharp-edged helical, sharp-edged helical with a central insert and wire wool baffles, have

(e) (§3]

Figure 3.3 — Baffle geometries. (a) Integral baffles; (b) Central axial baffles; (¢) Round-edged helical baffles;
(d) Sharp-edged helical baffles; (e) Sharp-edged helical baffles with a central insert; (f) Wire wool baffle.

also been tested — Figure 3.3.’

E

© @

Reprinted from Chemical Engineering Journal, 265, McDonough, J. R., Phan, A. N., Harvey, A. P., Rapid
Process Development Using Oscillatory Baffled Mesoreactors — A State-of-the-Art Review, 110-121,
Copyright 2014, with permission from Elsevier B.V.

3.1 Hydrodynamic Conditions in Tubular-OFCs

A great deal of research has been dedicated to the hydrodynamic characterization of baffled tubes. The
suspension of solids and the mixing efficiency are generally evaluated in batch, while the axial dispersion is
usually evaluated in continuous. Table 3.1, Table 3.2 and Table 3.3 summarize published studies on suspension

of solids, mixing efficiency, and axial dispersion in baffled tubes, respectively.
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Table 3.1 — Summary of published studies on suspension of solids in baffled tubes.

Reference Baffle type Oscillating mechanism  Diameter  Height Frequency Amplitude Re, St L/D a Particles type, mean diameter and concentration
Ejimetal.® Integral Moving fluid 10 mm 1m 2-7Hz 0-12 mm NS NS 15-3.0 0.12-0.25 Polyvinyl chloride, 141.30 pum, 10% (w/w)
Mackley et al.®  Orifice Moving fluid 23 mm 1m 4-20 Hz 15-4mm NS NS 15 0.09 lon exchange resin, 500 pm, up to 30% (w/w)
Reis et al.* Integral Moving fluid 4.4 mm 35cm 0-25 Hz 0-20 mm NS NS 3 0.13 lon exchange resin, 150-180 um, up to 16% (w/w)
Polyamine resin, 40-75 pm. up to 15% (w/w)
Silica resin, 40-75 um
Takriff et al.*? Orifice Moving baffles 50 mm 1335 mm 0.5-5.0rps 20 mm 400-900 NS NS 0.08 Activated carbon, 1.7 mm
Sand, 0.8 mm, up to 20% (w/w)
Polyethylene terepthalate, 3.2 mm, up to 20% (w/w)
NS: not specified.
Table 3.2 — Summary of published studies on mixing efficiency in baffled tubes.
Reference Baffle type Oscillating mechanism Diameter Height Frequency Amplitude Re, St L/D a Method
Brunold et al.®® Orifice Moving fluid 46 mm NS 0.7 Hz 4-15cm NS NS 1-2 0.45 (@)
Fitch and Ni* Orifice Moving fluid 50 mm 500 mm NS NS 0-6000 NS 15 0.22 (b)
Gough et al.®® Orifice and orifice+central Moving baffles 50 mm 1m 1-6 Hz 5-25 mm NS NS 0.7-2 0.26-0.47 @)
Ni and Stevenson?® Orifice Moving fluid 50 mm 950 mm 2-4 Hz 2.5-10 mm 1571-12564 NS 15 NS (b)
Ni et al.'’ Orifice Moving baffles 90 mm 730 mm 1.7-4 Hz 10-30 mm NS NS 1-25 NS (b)
Moving fluid 50 mm 950 mm 1-5Hz 2.5-10 mm NS NS NS 0.11-0.51 (b)
Ni et al.’® Orifice Moving fluid 50 mm 950 mm 2-4 Hz 3-6.5mm 1884-12252 NS 15 0.21 (b)
Reis et al.1 Integral Moving fluid 4.4 mm 350 mm 3-20 Hz 0.5-3.0 mm NS NS 3.0 0.13 (b)
Smith? Orifice Moving fluid 24 mm Im 0.1-0.3 Hz 1-2.25 mm 45-150 2-4 3 0.25 @)
54 mm 2m NS NS 10%-10° 0.5-4 (b)
150 mm 45m

NS: not specified. Methods: (a) Flow visualization; (b) Tracer experiments
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Table 3.3 — Summary of published studies on axial dispersion in baffled tubes.

Reference Baffle type Diameter Length Flow rate Frequency Amplitude Re Re, St Model
Abbott et al. Orifice 25 mm NS 86-304 mL min™! 0.47-229Hz  0.6-3.6 mm 73-259 127-905 3.32-0.55 (c)
Dickens et al.? 45° QOrifice 23 mm 0.67m 120 mL min*! 35Hz 0-4.7 mm 110 0-3000 0-0.3 @)
Ejimetal.® Integral 10 mm 1m 17.8 mL min? 5Hz NS 42 NS NS (a)
Howes and Mackley? Orifice 51 mm 25m 287 mL min? NS 4 mm 40-106 ~100-2500  2-0.7 (b)
Kacker et al.?* Integral 15 mm NS 100-400 mL min? 0-4 Hz 0-10 mm 141-565  0-1508 NS (a)
Mackley and Ni%® Orifice 25 mm 6.3m NS NS NS 0-3500 0-800 ©-0.33 @)
Mackley and Ni% Orifice 25 mm 1.08 m NS NS NS 128 0-3600 0-0.3 @)
Mohd Rasdi et al. Integral and central 4-5mm NS 0.4-1.0 mL min*! NS NS 1.56-4.67 80-200 0.20-0.80 (c)
Ni and Pereira?® Orifice 40 mm 25m NS 0-4 Hz 0-8 mm 0-2500 0-8032 0-0.4 (a) and (b)
Oliva et al.?® Integral 6 mm NS 10-30 mL min! 0.2-1 Hz 1-10 mm 34-96 9.6-482.2 22.5-NS (a)

15 mm NS 15-154.7 mL min 0.2-1 Hz 1-10 mm 22-241 1126.2 NS (@)
Onyemelukwe et al.*° Integral 5mm 54m 2-5 mL min 2-12 Hz 0.5-2mm 8.2-21 31-740 0.8-0.2 (a)
Palma and Giudici® Orifice 39.6 mm ~2.4m 67-200 mL min™t 0-4.5Hz 5-25 mm NS NS NS @)
Phan and Harvey*2 Central, integral and helical 5mm NS 1-8 mL min? 0-6 Hz 0-4 mm 4.3-34 0-500 0-0.1 (c)
Phan and Harvey* Helical 5mm 340 mm 0.3-2.0 mL min? 0-14 Hz 0-4 mm 1.25-10 0-800 ©-0.1 (c)
Phan et al.®* Central and integral 5mm 0.34m 0.3-0.6 mL min*! 0-14 Hz 0-4 mm 1.25-2.55 0-700 0-0.1 (c)
Slavni¢ et al.® Orifice 26 and 44 mm 20m NS 0.5-2.0 Hz 1.40-13.30mm NS NS NS (a)
Slavni¢ et al.*® Orifice 26 mm 20m 11.4-44.1 L h? 0.5-2 Hz 3.02-13.03 mm 154-597 619-2707 0.68-0.16 (a)
Reis et al.1 Integral 4.4 mm 35¢cm 1.94 mL min’? 0-20 Hz 0-3mm ~10 - - (b) and (d)
Reis et al.¥” Integral 4.5 mm 35cm 1.67-21.3mL min*  0-20 Hz 0-3mm 8-102 41-1629 NS (a), (b) and (c)
Siddique et al.*® Orifice 69 mm 740-2500 mm 50-130 mL min‘* 2-8 Hz 1-2 mm 85.9-223.2 146.3-1170.3 1.0-0.5 (@)
Smith and Mackley*® Orifice 24;54; 150 mm  1;2;45m NS NS NS 107 100-105 2-0.5 (a)
Stonestreet and van der Veeken® Orifice 24 mm 29m NS 0-5Hz 0-5mm 95-252 0-2500 -0.4 (©)
Takriff and Masyithah* Orifice 94 mm 282 mm 0-1.2 L min? 0.5-1.0 Hz 7.5-15 mm NS 4429-8858  0.99-05 (b)
Zheng and Mackley*! Integral 5mm 9m 0-13.7 mL min 0-15 Hz 0-4 mm 10-58 0-1000 ©-0.08 (@)

NS: not specified. Models: (a) Plug flow with axial dispersion model; (b) Stage-wise backmixing model; (c) Tanks-in-series model; (d) Differential backmixing model; (e) Diffusion model.
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3.1.1 Suspension of Solids

Mackley et al.1° demonstrated that particles can be kept in suspension in a baffled tube as long as the terminal
velocity of the particles is surpassed by the velocity of the fluid in the opposite direction. The minimum
oscillation intensity required to keep a given concentration of particles of a given size and density in suspension
in a baffled tube is generally determined by visual inspection.®!1? Takriff et al.!? studied the effect of particle
density and fluid viscosity on the suspension of solids in a baffled tube. They found that decreasing the particles
density and increasing the fluid viscosity decreases the particles terminal velocity, which decreases the
minimum oscillation intensity required to keep particles in suspension. Reis et al.*! studied the effect of the
frequency and amplitude of oscillation on the suspension of solids in a baffled tube. They found that it is easier
to suspend particles at high frequencies and low amplitudes than at low frequencies and high amplitudes. In
addition, they also found that it is easier to suspend particles when the baffled tube is held horizontally rather
than vertically, presumably due to the difference of pressure drop between the two situations. Ejim et al.® studied
the effect of operating and geometric parameters on the suspension of solids in baffled tubes. They found that
the minimum amplitude of oscillation required to keep particles in suspension, which they designated as the
critical amplitude, x, ..+, generally decreases as the frequency of oscillation decreases. In addition, they also
found that tubes with smooth periodic constrictions (SPC) require up to 50% lower x, .,;+ than tubes with sharp
edge periodic constrictions (SEPC), presumably due to the presence of stagnant zones close to the SEPC.
Finally, they also found that the effect of the geometric parameters on the suspension of solids does not follow

a clear trend.

3.1.2 Mixing Efficiency

Flow visualization experiments have been conducted to characterize the mixing efficiency in baffled tubes.**1520
In this type of experiments, a video camera records the movement of a suspension or a dye tracer in oscillation
in the baffled tube. When a suspension is used, the fluid (usually water) and the particles in suspension in the
fluid generally have similar densities so that the particles follow the same streamlines as the fluid. The main
goal is to observe how the vortices are formed and disrupted, how they propagate within each inter-constriction
cell, and how they interact with other vortices. Tracer experiments have also been conducted to characterize the
mixing efficiency in baffled tubes. In some previous works, the mixing efficiency was quantified in the form of
the mixing time, t,,, which is the time required to reach a specific degree of concentration uniformity after an
injection of a tracer;*'%1% in other works, the mixing efficiency was quantified in the form of the axial
dispersion coefficient, D, which characterizes the degree of backmixing in the axial direction.1461820 Shorter

mixing times and larger axial dispersion coefficients are indicative of better mixing efficiencies.
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In relation to the effect of the operating conditions, the general conclusion is that increasing the frequency and
the amplitude of oscillation increases the axial dispersion and, therefore, decreases the mixing time.’32° |n
relation to the effect of the geometric parameters, the conclusions are more complex. It has been reported that
the cell aspect ratio, L /D, controls the shape and length of the vortices in a baffled tube. On the one hand, when
L/D is too small, there is channeling of the flow through the center of the constriction, which suppresses the
generation of vortices. On the other hand, when L/D is too large, the vortices are unable to spread through the
full length of the inter-constriction cell and interact with other vortices, which results in the formation of
stagnant zones.*>*" It has also been reported that the ratio of the open constriction area, @ = (D,/D)?, controls
the width of the vortices in a baffled tube. On the one hand, when « is too small, the vortices are unable to
expand in the entire cross-section of the inter-constriction cell, which creates stagnant zones. On the other hand,
when « is too large, there is channeling of the flow through the center of the constriction, which suppresses the

generation of vortices.®™*’

3.1.3 Axial Dispersion

Tracer experiments have been conducted to characterize the axial dispersion in baffled tubes. The parameters
that characterize the axial dispersion are obtained from the residence time distribution (RTD) by fitting a
phenomenological model to the experimental data. Several different models have been used to characterize the
flow in baffled tubes. Most of the studies have implemented the plug flow with axial dispersion model which
describes the system as a continuous path where a diffusion-like process is superimposed to the main flow. %2237
39.41,24-26,28-31.36 The axial mixing is characterized by the axial dispersion coefficient, D., and the spread in the
whole system is characterized by the vessel dispersion number, D./(ul), where u is the average superficial flow
velocity and [ is the length of the tube. When D/ (ul) — 0 the dispersion is negligible, hence plug flow. When
D./(ul) — oo there is large dispersion, hence mixed flow. Alternatively, a compartment type model can be used
to describe the system as a stage-wise process. An example is the stage-wise backmixing model which divides
the system into a fixed number of ideal stages and quantifies the deviation from perfect plug flow with an inter-
stage backmixing parameter, g.192283740 Another example is the tanks-in-series model which describes the

system as a variable number of ideal stirred tanks in series, N.421:27:32-34.37

The effect of operating and geometric parameters on the axial dispersion in baffled tubes has been widely
investigated through both experimental work and numerical simulation. Despite their importance for the
understanding of the fluid mechanics in baffled tubes, numerical simulation results will not be covered in detail

in this work 424

Dickens et al.?? investigated the effect of the amplitude of oscillation on the RTD in baffled tubes and discovered

that, at low amplitudes, the RTD approaches a similar shape to that of laminar flow, then becomes sharp and
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symmetric, and finally broadens about both sides of the peak at higher amplitudes. These results suggest that
the increase of amplitude should drive the system towards an optimum condition with near plug flow behavior,
from where the dispersion increases substantially due to the increase of the mixing length. Similar results were

also reported by Mackley and Ni,?® Reis et al.,'*" Zheng et al.,** Abbott et al.,?* and Onyemelukwe et al..*

Howes et al.?® studied the effect of the frequency of oscillation on the RTD in baffled tubes and obtained a
similar effect to that reported by Dickens et al.?2 for the amplitude. The authors suggested that the axial
dispersion should decrease when the frequency increases due the increase of radial mixing and subsequent short-
circuiting of fluid. However, when the frequency increases pass an optimum value, the axial dispersion should
increase due to the increase of backmixing. Similar results were also reported by Palma et al., Reis et al.,*%%
Abbott et al.,?* Smith and Mackley,* and Oliva et al..?®

Stonestreet and van der Veeken* investigated the interaction between the oscillatory and the net flow
components. The authors found that the axial dispersion decreases when the flow rate increases due to the
formation of larger and more intense vortices at higher flow rates. Similar results were also reported by Ni et
al.,?® Abbott et al.,?* Onyemelukwe et al.,*® and Takriff and Masyithah.*’ The authors also claimed that a specific
interaction between the oscillatory and the net flows exists and that ¥ = Re,/Re = 2 is optimal to minimize
the axial dispersion. However, Kacker et al.?* found that ¥ is not sufficient to choose optimal operating
conditions because different combinations of frequency and amplitude with the same W provide distinct axial
dispersion performances. A similar conclusion was also reported by Oliva et al..?

Phan et al.* investigated the effect of net flow, oscillatory flow and their interdependence on the axial dispersion
in three meso-scale baffled tubes with different baffles geometries: central, integral and helical. (The internal
diameter of a meso-scale baffled tube ranges from 1 to 10 mm.) All the three baffle geometries provided a well-
defined and symmetrical RTD, however, the broadness of the RTD curves highly depended on the net flow and
oscillation conditions. The authors concluded that all the three baffle geometries could be used to produce plug
flow at flow rates varying 1.0-8.0 mL min™. In a later study, the same research group characterized the axial
dispersion in baffle tubes with central and integral geometries at very low flow rates (0.3-0.6 mL min).3* Two
main conclusions were drawn from that study: first, at very low flow rates, baffled tubes with central baffles
provide higher degrees of plug flow than baffled tubes with integral baffles, and second, the oscillation
conditions have little influence on the axial dispersion in baffled tubes with integral baffles. Mohd Rasdi et al.?’
also characterized the axial dispersion in baffled tubes with central and integral geometries at low flow rates
(0.4-1.0 mL min't). They also found that the central baffles provide higher degrees of plug flow than the integral
baffles, however, in their study, the impact of the oscillation conditions on the axial dispersion in baffled tubes

with integral baffles was found significant.

Ejim et al.® studied the effect of four geometrical parameters on the axial dispersion of solid-liquid systems in
meso-scale baffled tubes with integral baffles. The parameters under study were the tube diameter in the

constriction, the ratio of the open constriction area, the distance between constrictions, and the baffle geometry
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(SEPC and SPC). The authors found that the SPC geometry provides a more uniform mixing and a lesser extent
of backmixing than the SEPC geometry, and that the ratio of the open constriction area is the dominant
parameter controlling the solids backmixing. Comparing their results with those of Reis et al.3’ for the liquid
phase, the authors confirmed that the axial dispersion of the solid phase is comparable to the axial dispersion of
the liquid phase. In addition, they also found that, on average, the solid phase spends more time in the tube than

the liquid phase. Similar results were also reported by Onyemelukwe et al.*® and Kacker et al..?*

In relation to scale-up, Smith and Mackley*® found that the axial dispersion is similar in tubes with different
diameters as long as the values of Re, Re, and St are kept constant, and Ni et al.*° found that the axial dispersion
coefficient varies linearly upon scale-up; Smith and Mackley*® demonstrated that a multi-orifice baffle could
reproduce at a larger scale the fluid mechanics and the axial dispersion of laboratory scale baffled tubes, and
Mackley and Ni? proposed that a multipass configuration could be used for scale-up in terms of mean residence

time, and a multitube configuration could be used for scale-up in terms of flow rate.

Finally, several correlations have been proposed to describe the axial dispersion as a function of the
experimental conditions. Some examples are the works of Smith and Mackley,* Ni et al.,*® Takriff and
Masyithah,* Abbott et al.! and Slavni¢ et al..*®

Great care must be taken when comparing the results of different studies regarding the effect of each parameter
on the axial dispersion. First of all, different studies use different baffle tubes, either in diameter, baffle geometry
or length, which influences the mixing conditions of each device. In addition, different studies make use of
different models/parameters to characterize the flow, which can difficult the comparison of the results. For
instance, when a plug flow with axial dispersion model is used to describe the flow, the effect of the flow rate
on the axial dispersion can be characterized either by D, or D./(ul) (or (ul) /D). However, in the second case,
the effect of the flow rate on the axial dispersion results from a compromise between D. and u. Therefore,
opposite results can be obtained depending on the parameter that is chosen to describe the axial dispersion.
Furthermore, it is clear that the combination of net flow, oscillatory flow and baffle geometry changes the

influence of each variable individually.

3.2 Batch Crystallization in Tubular-OFCs

Tubular-OFCs have been used for the batch crystallization of a variety of compounds, including paracetamol,>*
% -glutamic acid,®®-%2 sodium chlorate,®*%* adipic acid,® lactose,® butyl paraben,® a-lipoic acid:nicotinamide,®’
lysozyme®® and an unspecified API.2 Cooling crystallizations have been more common,33862-67.54-61 ht some
antisolvent,>2%3 salting-out®® and reactive® crystallizations have also been performed. Additional auxiliary
techniques, such as sonication® and seeding®°%62-%4 have also been employed. Table 3.4 summarizes published

studies on batch crystallization in tubular-OFCs.
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Table 3.4 — Summary of published studies on batch crystallization in tubular-OFCs.

Reference Compound Method Diameter Length Volume Batchtime Yield Notes
Brown and Ni® Paracetamol Antisolvent 32 mm NS 630 mL NS NS - Effect of initial solvent composition and antisolvent addition rate on crystal growth rate
Brown and Ni® Paracetamol Antisolvent 32 mm NS 630 mL NS NS - Effect of supersaturation, antisolvent addition rate and mixing intensity on crystal growth rate
Brown and Ni®’ Paracetamol Cooling 32mm NS 200mL NS NS - Determination of MSZW and crystal size distribution by image analysis
- Effect of mixing intensity on MSZW
- Effect of mixing intensity on crystal size
Brown et al.®® Adipic acid Cooling 40 mm NS 1000 mL NS NS - Detection of nucleation onset by turbidity and image analysis
- Determination of nucleation and crystal growth kinetic parameters
Callahan and Ni®®  Sodium chlorate  Cooling 50 mm 500 mm 500mL  Overnight NS - Determination of nucleation mechanism
- Effect of operating conditions on enantiomorphism
Callahan and Ni®  Sodium chlorate Cooling 50 mm 500 mm 500mL  Overnight NS - Effect of mixing intensity on enantiomorphism
Castro et al.®® Lysozyme Salting-out 3 mm 35cm 4mL 24h 8.2-76.0% - Determination of a two-dimensional phase diagram for lysozyme
- Determination of the induction time
Chew et al % Paracetamol Cooling 32 mm NS 500 mL 30 min NS - Comparison of crystal quality in an OFC and ina STC
- Effect of mixing intensity and initial supersaturation on crystal size
Chew and Ristic®  Paracetamol Cooling 32 mm NS 500 mL 30 min NS - Comparison of crystal quality in an OFC and in a STC with identical power densities
- Effect of initial supersaturation on crystal size
Cruzetal ® Paracetamol Cooling 4 mm 193cm  225mL  5-30 min NS - Effect of oscillation conditions on nucleation kinetic parameters
- Effect of batch time, oscillation conditions and initial supersaturation on crystal size
Cruzetal® Paracetamol Cooling 16 mm 45 cm 75 mL 6 min NS - Determination of the critical mixing intensity for secondary nucleation
Jiang and Ni®! Paracetamol Reactive 76 mm NS 1L NS NS - Effect of solvent on MSZW and nucleation kinetic parameters
- Effect of solvent on crystal growth kinetic parameters
- Effect of solvent and impurity on crystal shape
Lawton et al.® API Cooling 50 mm NS 500mL NS NS - Effect of oscillation conditions, initial supersaturation and seeding on crystal size
- Effect of cooling rate on crystal shape
McLachlan and Urea Cooling 76 mm NS 1L NS NS - Comparison of crystal purity in an OFC and in a STC with identical power densities
Ni69

NS: not specified.
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Table 3.4 — Continued.

Reference Compound Method Diameter Length Volume Batchtime Yield Notes

McLachlan and Ni®®  Urea Cooling 76 mm NS 1L NS NS - Comparison of crystal purity in the presence of an impurity in an OFC and in a STC with identical
power densities
Ni et al .5 _-Glutamic acid  Cooling 75 mm 340mm 15L NS NS - Effect of cooling rate on MSZW
- Comparison of MSZW in an OFC and ina STC
- Effect of mixing intensity, cooling rate, final temperature and seeding on polymorphism.
Ni and Liao® -Glutamic acid  Cooling 50 mm 500 mm 1000 mL NS NS - Effect of cooling rate and initial supersaturation on MSZW and nucleation kinetic parameters
- Comparison of MSZW inan OFC and ina STC
- Effect of cooling rate and initial supersaturation on crystal size
- Effect of cooling rate and initial supersaturation on polymorphism
Ni and Liao® -Glutamic acid  Cooling 50 mm 500 mm 1000 mL NS NS - Effect of mixing intensity and material of baffles on MSZW
- Effect of mixing intensity on crystal size
- Effect of mixing intensity, seeding, material of baffles and final temperature on polymorphism
Ristic®® Paracetamol Cooling 32 mm NS 500mL NS NS - Effect of hydrodynamics on interfacial morphological instabilities
- Comparison of crystal quality in an OFC and in a STC with identical power densities
- Effect of initial supersaturation on crystal size
Siddique et al.*® Lactose Cooling 69 mm 500 mm NS 2.5-4h 17.4-28.3% - Effect of batch time and sonication power on nucleation and crystal growth kinetic parameters

- Effect of batch time and sonication power on yield and mean particle size

Yang et al.% Butyl paraben Cooling 16.3mm 700mm 120mL NS NS - Effect of oscillation conditions on nucleation kinetic parameters
Zhao et al.> a-Lipoic  acid: Cooling 50 mm NS 500mL  1h 65-71% - Novel cocrystal
nicotinamide - Preliminary experiments in batch and linear scale-up from batch to continuous

NS: not specified.
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3.2.1 Crystallization Kinetics

Nucleation kinetics

Two main types of experimental methods have been employed to study the effect of the operating conditions
on the nucleation kinetics in OFCs: polythermal methods, which are based on the determination of the
metastable zone width (MSZW) as a function of the cooling rate, and isothermal methods, which are based on
the determination of the induction time as a function of supersaturation.” Castro et al.%® studied the salting-out
crystallization of lysozyme in an OFC and reported, first, a significant reduction in the MSZW in the OFC in
comparison with quiescent conditions and, second, a significant reduction in the induction time in the OFC in
comparison with a stirred tank crystallizer (STC). Ni et al.% studied the cooling crystallization of (-glutamic
acid from aqueous solutions in an OFC and investigated the effect of the cooling rate on the MSZW. The MSZW
increased slightly as the cooling rate increased from 0.2 to 0.67 °C min™. In addition, a smaller MSZW was
obtained in the OFC in comparison with a STC. Later, Ni and Liao® investigated the effects of the cooling rate
and solution concentration on the MSZW and nucleation kinetic parameters for the same system. The MSZW
increased as the cooling rate increased from 0.5 to 3.0 °C min, but it remained practically unchanged as the
supersaturation increased from 15 to 45 g L. Then, the MSZW data was used to estimate the kinetic parameters
by Nyvlt’s approach.”" Surprisingly, the nucleation rate decreased as the supersaturation increased, which the
authors attributed to the rather insignificant effect of supersaturation on the MSZW. However, this irregular
result may also be due to the oversimplistic assumptions of Nyvlt’s approach, which can lead to order-of-
magnitude errors, as previously demonstrated by Nagy et al..”* Later, Ni and Liao® also investigated the effect
of mixing intensity and baffle material on the MSZW for the same system. As expected, the MSZW decreased
as the mixing intensity increased, with a stronger effect for higher cooling rates. In addition, the MSZW
decreased as the baffle material changed from polyvinylidene difluoride to stainless steel, presumably as a result
of a smaller contact angle between the solute and the surface of stainless steel in comparison to polyvinylidene
difluoride.

Brown and Ni°" studied the cooling crystallization of paracetamol from aqueous solutions in an OFC and
investigated the effect of mixing intensity on the MSZW. The results presented a similar trend to that previously
reported by Ni and Liao.%? Later, Brown et al.®® studied the cooling crystallization of adipic acid from aqueous
solutions in an OFC and employed three different approaches to estimate the nucleation kinetic parameters from
MSZW data: Nyvlt’s approach,’” Kubota’s approach,”’® and the population balance approach.’” The authors
reported that, due to their linear assumptions, Nyvlt and Kubota’s approaches were only accurate for slower
cooling rates, whereas, due to its nonlinear nature, the population balance approach was accurate in the whole
range of cooling rates. Later, Siddique et al.*® also employed a population balance approach to estimate the

nucleation kinetic parameters for the cooling sonocrystallization of lactose from aqueous solutions in an OFC.
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Cruz et al.®® studied the cooling crystallization of paracetamol from aqueous solutions in an OFC and applied
the classical nucleation theory to estimate the effect of mixing intensity and temperature on the induction time
and, subsequently, on the kinetic and thermodynamic parameters for nucleation. As anticipated, the induction
time decreased as the mixing intensity increased. In addition, both the kinetic and thermodynamic parameters
increased as the mixing intensity increased. The effect on the kinetic parameter was expected as it depends on
the frequency of molecular collisions, whereas the effect on the thermodynamic parameter was rather surprising
as, from a theoretical point of view, it should be independent of the mixing conditions. Additionally, the
induction time decreased as the temperature increased. The kinetic parameter was little affected by changes in
temperature, whereas the thermodynamic parameter decreased as the temperature increased, presumably due to
the decrease of interfacial tension. Yang et al.®® studied the cooling crystallization of butyl paraben from
solutions of ethanol in an OFC and investigated the effect of the oscillation conditions on the nucleation rate in
accordance with the classical nucleation theory. The authors suggested that, initially, the increase of shear rate
due to the increase of the frequency and/or amplitude of oscillation should promote the formation of critical size
clusters, which leads the nucleation rate towards a maximum, whereas the increase of shear rate beyond the

maximum should promote the disruption of critical size clusters, which hinders nucleation.

More recently, Jiang and Ni®! investigated the effect of the solvent on the MSZW and nucleation kinetic
parameters for the reactive crystallization of paracetamol in an OFC. Three solvents consisting of mixtures of
water and acetic acid with different compositions were tested. The MSZW increased as the cooling rate
increased for all the three solvents, and, at a fixed cooling rate, the MSZW increased as the ratio of acetic acid
to water decreased. In addition, the nucleation order, obtained from recrystallization experiments, increased as

the ratio of acetic acid to water increased, presumably due to the increase of solubility.

Crystal Growth Kinetics

Brown and Ni®? studied the antisolvent crystallization of paracetamol from mixtures of acetone and water
(antisolvent) in an OFC and investigated the effect of the initial solvent composition and antisolvent addition
rate on the crystal growth rate. The crystal growth rate increased as the initial water fraction increased from 30
to 50%, where it reached a maximum, and then it decreased as the initial water fraction further increased from
50 to 70%, a trend that the authors related to the effect of water content on solubility. In addition, the crystal
growth rate increased as the antisolvent addition rate increased from 13 to 133 mL min™* presumably because
faster antisolvent addition rates produce larger changes in solubility. Later, Brown and Ni®® investigated the
effect of supersaturation, antisolvent addition rate and mixing intensity on the crystal growth rate and kinetic
parameters for the same system. As expected, the crystal growth rate increased as the supersaturation, the
antisolvent addition rate and the mixing intensity increased. A crystal growth rate order of 1.57 was obtained,

which agrees reasonably well with the range reported by Granberg et al.” for stirred tanks with 1.45 in pure
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acetone and 1.2 in pure water. The overall crystal growth coefficient remained practically constant as the initial
water fraction increased from 25 to 60%, but increased drastically as the initial water fraction further increased
to 70%. Notably, all the overall crystal growth coefficients obtained in the OFC (1.7x107 to 6.4x10°3 kg m2s?)
were orders of magnitude larger than those obtained by Granberg et al.” in a stirred tank crystallizer (2.9x10°
to 3.1x10* kg m2 s1), which the authors attributed to the efficiency of mass transfer in the OFC. More recently,
Jiang and Ni®* investigated the effect of the solvent on the crystal growth rate and kinetic parameters for the
reactive crystallization of paracetamol from mixtures of water and acetic acid in an OFC and found that the

crystal growth rate order did not have a direct dependence on the composition of the solvent.

Brown et al.® studied the cooling crystallization of adipic acid in an OFC and employed a population balance
model to estimate the crystal growth kinetic parameters. A similar approach was also employed by Siddique et
al.® for the cooling sonocrystallization of lactose from aqueous solutions in an OFC. On the one hand, both the
crystal growth rate order and the overall crystal growth coefficient decreased as the sonication power increased
from 0.10 to 0.15 W gX. On the other hand, while both parameters decreased as the batch time increased from
2.5to 4 hat0.10 W g?, they increased as the batch time increased at 0.15 W g.

3.2.2 Control of Final Properties

Control of Purity

One of the most important advantages of crystallization compared with other separation processes is that it is
capable of yielding very high purity products. This is particularly important in the pharmaceutical industry, as
impurities might have a significant impact on the quality, efficacy and safety of drugs. McLachlan and Ni®
investigated the cooling crystallization of urea in an OFC and in an STC and compared the crystal purity of the
products obtained from the two crystallizers at identical power densities. Nucleation occurred at a lower
temperature and, consequently, at a higher supersaturation in the STC than in the OFC, which led to a higher
nucleation rate and resulted in the formation of smaller single crystals in the STC than in the OFC. However,
the mean diameter of the final product of the STC was larger than the mean diameter of the final product of the
OFC because the final product of the STC was more agglomerated than the final product of the OFC. This is
probably the reason why the final product of the OFC was purer than the final product of the STC, as large
agglomerates are more likely to enclose mother liquor or impurities or both than single crystals. Later,
McLachlan and Ni™ performed a similar study to investigate the effect of an impurity, in this case biuret, on the
crystal purity for the same system. In the presence of impurity, the final products of both crystallizers were less
pure than in the absence of impurity, but the final product of the OFC was still purer than the final product of
the STC.
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Control of Crystal Size

The crystal size distribution (CSD) is one of the most important properties of crystals. This is because the CSD
has a direct impact on the efficiency of downstream operations, such as filtration, washing and drying, as well
as on the end-use properties of the compound. Prominent articles on the control of crystal size in OFCs are

discussed below.

Chew et al.> studied the cooling crystallization of paracetamol from aqueous solutions in an OFC and in a STC.
The OFC produced considerably smaller crystals than the STC, presumably due to a higher shear rate in the
OFC, which induced a higher dynamical nucleation. The crystal size decreased as the mixing intensity increased
in both crystallizers. The mixing intensity was characterized in the form of Re, for the OFC (5660-9430) and
impeller speed for the STC (600-800 rpm). In addition, the crystal size also decreased as the initial
supersaturation increased from ¢=0.1 to 6=0.5 in the STC, but remained practically unchanged in the OFC.
Furthermore, the OFC produced crystals with smoother surfaces and less interface instabilities than the STC,
presumably also due to a higher shear rate in the OFC, which enhanced the mass transfer in the solution layer
adjacent to the growing crystal interface. However, in this study, the OFC and the STC were operated with
distinct power densities, which raised the question of whether the difference in power densities could explain
the difference of results between the two crystallizers. In order to clarify this matter, in later studies, Chew and
Ristic®>% operated the OFC and the STC at the same power density (1.5 kW m®). The results obtained in these
studies showed that the conclusions of the previous study are still valid when the OFC and the STC are operated
with identical power densities. Brown and Ni® investigated the effect of mixing intensity and initial
supersaturation on the crystal size for the same system. The crystal size decreased slightly as the initial
supersaturation increased, which the authors attributed to the intensification of primary nucleation at higher
supersaturations. In addition, the crystal size also decreased as the mixing intensity increased, following the
trend reported in the previous studies. Cruz et al.%® investigated the effect of batch time, initial supersaturation,
frequency and amplitude of oscillation on the crystal size for the same system. As expected, the crystal size
increased as the batch time increased, but accompanied by breakage and aggregation of the crystals. In addition,
the crystal size decreased as the initial supersaturation increased due to the enhancement of primary nucleation.
For the same reason, the crystal size also decreased as both the frequency and the amplitude of oscillation
increased. Later, Cruz et al.>® investigated the effect of mixing intensity on the crystal size for the same system,
but with seeding. Below a critical level of mixing intensity, the crystal size increased as the mixing intensity
increased due to enhancement of mass transfer for crystal growth, but above the critical level of mixing intensity,

the crystal size decreased due to the intensification of secondary nucleation.

Ni and Liao®! studied the cooling crystallization of (-glutamic acid from aqueous solutions in an OFC and
investigated the effect of cooling rate and initial supersaturation on the crystal size. The crystal size increased
as the initial concentration increased from 15 to 40 g L. The effect of the cooling rate was less significant,

except at the lower concentration, when the crystal size decreased as the cooling rate increased from 0.5 to
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3.0 °C min. Later, Ni and Liao% investigated the effect of mixing intensity and initial supersaturation on the
crystal size for the same system. The crystal size decreased as the mixing intensity increased, presumably due
to the intensification of erosion and attrition at higher mixing intensities. On the other hand, the crystal size
remained practically unchanged as the initial concentration increased from 30 to 35 g L%, which seems to be
inconsistent with the results reported in the previous study.®* However, the differences between the two studies
could be due to differences in mixing intensity, as Re, varied between approximately 5000 and 30000 in this

study, and remained fixed at 3142 in the previous study.

Lawton et al.? studied the cooling crystallization of an unspecified API in an OFC and investigated the effect of
the oscillation conditions, initial supersaturation, and seeding on the crystal size. The crystal size decreased as
the frequency and amplitude of oscillation increased, while the CSD remained narrow for all combinations of
frequency and amplitude. In addition, the crystal size also decreased as the initial supersaturation increased.

Finally, as expected, the crystal size increased in the presence of seeds.

Siddique et al.® studied the cooling sonocrystallization of lactose from aqueous solutions in an OFC and
investigated the effect of batch time and sonication power on the crystal size. On the one hand, the mean crystal
size increased as the batch time increased from 2.5 to 4 h, but with an increase in the percentage of fines,
possibility due to the intensification of secondary nucleation or attrition. On the other hand, the mean crystal

size decreased as the sonication power increased from 0.10 to 0.15 W g due to the intensification of nucleation.

In conclusion, the effect of the operating conditions on crystal size depends on their relative effects on nucleation
and crystal growth. Therefore, as a rule, the crystal size decreases when the experimental conditions stimulate

nucleation, but increases when the experimental conditions promote crystal growth.

Control of Crystal Shape

Differences in crystal shape result from differences in crystal growth rate between different crystal faces.
Therefore, producing the desired crystal shape is more complex than producing the desired crystal size. Ni and
Liao® studied the cooling crystallization of | -glutamic acid from aqueous solutions in an OFC and reported a
change in crystal shape as a function of the cooling rate. While long and narrow needle-shaped crystals were
formed at 0.5 °C min‘t, wider and thicker plate-shaped crystals were formed at 0.7-2.0 °C min, and flower-
shaped crystals were formed at 2.5-3.0 °C min*. Later, Lawton et al.® studied the cooling crystallization of an
unspecified API in an OFC and observed the formation of several types of crystals depending on the cooling
rate and the presence or absence of seeds. Rod-shaped crystals were formed at 1 °C min* without seeding, flake-
shaped crystals were formed at 3 °C min* without seeding and plate-shaped crystals were formed at 5 °C min
with seeding. In a different work, Castro et al.® studied the salting-out crystallization of lysozyme in the

presence of sodium chloride in an OFC and determined the phase diagram for lysozyme as a function of the
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concentration of protein and precipitating agent. Several types of crystals, from tetragonal, orthorhombic and
needle-shaped crystals to microcrystals and precipitate, were formed depending on the concentration of protein
and precipitating agent. McLachlan and Ni” studied the cooling crystallization of urea in an OFC and reported
a change in crystal habit from long needle-like crystals in the absence of impurity to cubic crystals in the
presence of biuret, which the authors attributed to the incorporation of impurity into the crystal product. More
recently, Jiang and Ni®! studied the reactive crystallization of paracetamol from mixtures of water and acetic
acid in an OFC and detected a change in crystal shape as a function of the composition of the solvent and the
concentration of an impurity. Rectangle column-shaped crystals were formed regardless of the composition of
the solvent, but the columns became longer and thinner as the ratio of acetic acid to water increased. In addition,
the agglomeration degree also decreased as the ratio of acetic acid to water increased presumably due to the
increase of solvent polarity. Furthermore, the crystals changed from plate-shaped to elongated depending on the

concentration of the impurity.

Control of Polymorphism

Many compounds exhibit polymorphism, which can be problematic because sometimes different polymorphs
have distinct physicochemical properties, such as density, hardness, chemical stability, solubility, dissolution
rate in different solvents, melting point, and hygroscopicity. -glutamic acid has been widely used as a model
system to study the effect of the operating conditions on polymorphism. -glutamic acid has two polymorphs:
the metastable form o, with a prismatic morphology, and the stable form f3, with a needle-shaped morphology.
Ni et al.® studied the cooling crystallization of _-glutamic acid from aqueous solutions in an OFC and
investigated the effect of the mixing intensity, cooling rate, final temperature and seeding on polymorphism.
All the experiments were performed at a fixed solution concentration of 45 g L. On the one hand, form 3 was
obtained exclusively without seeding in the whole range of mixing intensities, cooling rates and final
temperatures. On the other hand, form o was obtained exclusively upon seeding with crystals of form a,, as it
prevented the solution-mediated polymorphic transformation from the metastable to the stable polymorph.
Later, Ni and Liao® investigated the effect of the cooling rate and solution concentration on polymorphism for
the same system. On the one hand, at the highest solution concentration of 45 g L*, form B was produced
exclusively in the whole range of cooling rates, which follows the same trend reported in the previous work. On
the other hand, at the lower solution concentrations of 15 and 30 g L, form o was produced exclusively in the
whole range of cooling rates. Finally, Ni and Liao® also investigated the effect of mixing intensity, seeding,
baffle material, and final temperature on polymorphism for the same system. Lower mixing intensities, lower
concentrations, lower temperatures and faster cooling rates limited the solution-mediated polymorphic

transformation from the metastable to the stable polymorph, which favored the production of form a. In
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addition, seeding with crystals of form o and baffles with smoother surfaces also favored the production of form

o.. Such results are in good agreement with those reported in the two previous studies.

Control of Enantiomorphism

Callahan and Ni® studied the seeded cooling crystallization of sodium chlorate in an OFC and in an STC.
Although sodium chlorate is a nonchiral substance, its crystals might possess either a left- or a right-handed
enantiomorphism. The STC produced crystals with 100% similarity to the seed handedness, whereas the OFC
produced crystals with mixed handedness. This result suggests that while secondary nucleation must be the only
nucleation mechanism in the STC, some sort of primary nucleation must occur in the OFC, although secondary
nucleation is still dominant. The authors hypothesized that the scraping action between the baffle edge and the
wall of the crystallizer might be the origin of primary nucleation in the OFC. Later, Callahan and Ni® found
that the introduction of scraping reduced the percentage of similarity to the seed handedness in both the STC
and the OFC. However, while increasing the mixing intensity in the STC and the frequency of oscillation in the
OFC did not have a significant effect on the percentage of similarity to the seed handedness, increasing the
amplitude of oscillation in the OFC did, with lower amplitudes providing higher percentages of similarity to the

seed handedness, presumably as consequence of lower fluid shearing.

3.3 Continuous Crystallization in Tubular-OFCs

Tubular-OFCs have been used for the continuous crystallization of a variety of compounds, including aspirin,”
L-glutamic acid,® lactose,*#! paracetamol,®2# salicylic acid,®* benzoic acid,® a-lipoic acid:nicotinamide®” and
an unspecified API®. Cooling crystallizations have been more common,®3867.79-82 hyt some antisolvent®8 and
reactive® crystallizations have also been performed. Additional auxiliary techniques, such as sonication® and
seeding®67:8083 have also been employed. Table 3.5 summarizes published studies on continuous crystallization
in tubular-OFCs.
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Table 3.5 — Summary of published studies on continuous crystallization in tubular-OFCs.

Reference Compound Diameter Length Volume Net flow rate Residence time Operating time Yield  Notes
Agnew et al.®? Paracetamol 15 mm 970 cm NS 50 mL min* NS NS NS - Comparison to MSMPR
- Polymorph control
Briggs et al.® -Glutamic acid 15 mm 25m 51L 30 g min? 80 min 10h NS - Seeding to reduce fouling
Brown et al.® Salicylic acid 15 mm 700 mm NS 80-120 mL min*  1-1.5 min 1.25-6.25h NS - Antisolvent crystallization
Caldeiraet al.” Vanisal sodium 15 mm 12m 2L NS NS 7 days NS - Establishment of a cleaning protocol
Aspirin
Cruz et al.%® Paracetamol 4 mm 193 cm 22.5mL NS 0.47-2.15 min NS NS - Production of particles of inhalable size
Jiang and Ni® Paracetamol 15 mm 95m 1.68L 40 g min? 40 min 4h NS - Reactive seeded cooling crystallization
Kacker et al.% Melamine 15 mm NS 1L 100 mL mint 10 min NS NS - Application of inline imaging for monitoring
crystallization
Lawton et al.® API NS 12m 12L NS 12 min NS NS - Cooling crystallization
Liuetal.® Paracetamol 40 mm 246 mm 245 mL 5.45 mL min? 45 min NS 47.6% - OFC with moving baffles
Benzoic acid 5.44 mL mint 45 min 47% - Integration with continuous filtration carousel
Pefia et al.®® Benzoic acid NS NS 1250 mL NS 8.33, 10, 12.5 min NS NS - Spherical crystallization
Raval et al.® a-Lactose monohydrate 25 mm NS 4x120mL 4.4 gmint 90 min 15h 70% - Four-stage cascade of OFCs with moving baffles
Paracetamol 18 g min’t 20 min 1 h and 40 min 85% - Seeded cooling crystallization
Siddique etal.®®  Lactose 69 mm 4x740 mm NS 50 mL min‘? 4h 12h 38% - Sonication
Tahir et al.® Lactose 69 mm 4x740 mm 2760 mL NS NS NS NS - Application of an advanced control scheme
15 mm 14 m 2500 mL
Yang et al.% Butyl paraben 16.3 mm 2x700 mm 280 mL 0-100 mL min? NS NS NS - Effect of oscillation conditions on nucleation
kinetic parameters
Zhao et al.%’ a-Lipioic acid:nicotinamide 16 mm 24 m 42L 70 mL min? 1h 2-3h NS - Novel cocrystal

NS: not specified.
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3.3.1 Crystallization Kinetics

Nucleation Kinetics

The determination of nucleation kinetics, as well as crystal growth kinetics, for continuous crystallization in
OFCs has been seldom reported. Must authors have chosen to investigate the nucleation and crystal growth
kinetics in batch and then use this data to transfer the processes from batch to continuous. The few studies that

addressed the determination of nucleation kinetics in continuous are discussed below.

Brown et al.® employed a population balance model to estimate the nucleation and crystal growth kinetic
parameters for the antisolvent crystallization of salicylic acid from mixtures of 2-propanol and water
(antisolvent) in an OFC. Cruz et al.5® employed a different approach, based on the classical nucleation theory,
to investigate the effect of temperature on the induction time and, subsequently, on the nucleation kinetic and
thermodynamic parameters for the cooling crystallization of paracetamol from aqueous solutions in an OFC.
Under the same levels of oscillation intensity and supersaturation, the induction time decreased as the
temperature increased, which the authors attributed to the increase of probability of nucleation as a consequence
of the increase of frequency of molecular collisions. Furthermore, while the kinetic parameter was not affected
by the increase of temperature, the thermodynamic parameter was affected by the increase of temperature in
accordance with its effect on the interfacial tension. Yang et al.®® also employed the classical nucleation theory
to investigate the effect of the operating conditions, namely the oscillation intensity and the flow rate, on the
induction time and, subsequently, on the nucleation kinetics for the cooling crystallization of butyl paraben from
solutions of ethanol in an OFC. The authors observed a transition from homogeneous to heterogeneous
nucleation as the supersaturation decreased. In both cases, under comparable levels of supersaturation, the
induction time decreased as the oscillation intensity and the flow rate increased presumably due to the increase
of shear rate. Moreover, at higher shear rates, the transition from homogenous to heterogeneous nucleation
occurred at a slightly lower level of supersaturation, which suggests that homogeneous nucleation is a little
more favorable under higher shear rates. Furthermore, while the interfacial energy, obtained from the
thermodynamic parameter, was little affected by the oscillation conditions and the net flow rate, the pre-
exponential kinetic parameter increased as the average shear rate increased, with a stronger effect in the

heterogeneous nucleation regime than in the homogeneous nucleation regime.

Crystal Growth Kinetics

The determination of crystal growth kinetics for continuous crystallization in OFCs has been limited to the
estimation of a linear overall crystal growth rate based on the change of the crystal size over time. For example,
Cruz et al.®® estimated a linear growth rate of 1.43x10° m s (86 um min™) for the cooling crystallization of

paracetamol from aqueous solutions, Jiang and Ni® estimated a linear growth rate of 3.14x10" m s for the
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reactive crystallization of paracetamol, and Raval et al.® estimated a linear growth rate of 8.90x10® m s for

the cooling crystallization of paracetamol from mixtures of water and isopropanol.

3.3.2 Control of Final Properties

Control of Crystal Size

Several works have demonstrated that the narrow RTD of OFCs allows the continuous crystallization of
products with narrow CSDs. Briggs et al.® described the seeded cooling crystallization of _-glutamic acid from
aqueous solutions in an OFC. The OFC was operated for 10 h and delivered the product with a narrow CSD
with no visible signs of encrustation. Siddique et al.*®® investigated the cooling sonocrystallization of lactose in
an OFC. The OFC was operated for 12-16 h and delivered the product with a narrower CSD than the traditional
batch process with no fouling and agglomeration issues. Pefia et al.2% described the antisolvent crystallization
of spherical agglomerates of benzoic acid in a MSMPR and in an OFC. The OFC delivered the product with a
narrower and more uniform agglomerate size distribution than the MSMPR. Finally, Raval et al.® studied the
seeded cooling crystallizations of a-lactose monohydrate and paracetamol in a four-stage cascade of OFCs with
moving baffles. The crystallizer delivered both products with narrow CSDs and without significant

agglomeration.

Several works have also demonstrated that the operating conditions can be manipulated to control the crystal
size during continuous crystallization in OFCs. Lawton et al.® investigated the cooling crystallization of an
unspecified API in an OFC and manipulated the cooling rate, the oscillation intensity, the concentration of API,
and the presence or absence of seeds to produce different crystal sizes. Brown et al.®* investigated the antisolvent
crystallization of salicylic acid from mixtures of 2-propanol and water (antisolvent) in an OFC and manipulated
the oscillation intensity to keep the crystals in suspension and prevent the blockage of the crystallizer, which
also resulted in an impact on the crystal size. In this case, increasing the oscillation intensity led to an increase
of crystal size, which was rather unexpected. This is because, in previous studies in batch, increasing the
oscillation intensity led to a decrease in crystal size due to the intensification of primary nucleation. The opposite
results of this work are probably due to the difference in the ability of different oscillation intensities to keep
crystals of different sizes in suspension. This is because lower oscillation intensities were insufficient to keep
the larger crystals in suspension, which implies that only the smaller crystals could be sampled, whereas higher
oscillation intensities enabled the suspension of the larger crystals, which implies that both the smaller and the
larger crystals could be sampled. As a consequence, the increase of oscillation intensity resulted in a perceived
increase in the mean crystal size. Briggs et al.® investigated the seeded cooling crystallization of (-glutamic
acid from aqueous solutions in an OFC and evaluated the impact of the feed solution concentration and seed
loading on the crystal size. As anticipated from the mass balance, lower feed solution concentrations and higher

seed loadings yielded smaller crystals than higher feed solution concentrations and lower seed loadings. Cruz
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et al.®® investigated the cooling crystallization of paracetamol from aqueous solutions in an OFC and found that
shorter residence times, lower temperatures and higher supersaturations allowed the production of smaller
crystals. Tahir et al.8 investigated the cooling crystallization of lactose in two commercially available OFCs
and used an advanced control scheme to drive the cooling profile, the concentration of lactose and the crystal
size towards the desired setpoints in order to control the product quality in the face of raw material fluctuations.
Pefia et al.®® investigated the continuous antisolvent crystallization of spherical agglomerates of benzoic acid in
an OFC and found that increasing the oscillation intensity resulted in smaller agglomerates and narrower
agglomerate size distributions. Finally, Jiang and Ni® studied the reactive seeded cooling crystallization of
paracetamol in an OFC and found that increasing the oscillation intensity reduced the crystal size of the final

product.

Control of Crystal Shape

Only three papers have discussed the control of crystal shape during continuous crystallization in OFCs. Lawton
et al.® investigated the cooling crystallization of an unspecified API in an OFC and proposed that the operating
conditions, such as the cooling rate, the oscillation intensity, the concentration of API, and the presence or
absence of seeds, could be manipulated to produce crystals with different shapes, including small crystals, large
rods, large agglomerates and mid sized crystals. Pefia et al.® produced large spherical agglomerates composed
of small individual crystals of benzoic acid via spherical crystallization in an OFC in order to improve the
efficiency of downstream processing, while maintaining the biopharmaceutical benefits provided by small
individual crystals. Finally, Agnew et al.> used metacetamol as a templating agent to force the selective
crystallization of the metastable form Il of paracetamol in detriment of the stable form | via cooling
crystallization in an OFC, and observed that, in the presence of metacetamol, the two polymorphs exchanged
their usual morphologies. Typically, form | crystallizes with a block-like morphology and form Il crystallizes

with a needle-like morphology, but in the presence of metacetamol, the opposite morphologies were observed.

Control of Polymorphism

Only two papers have discussed the control of polymorphism during continuous crystallization in OFCs. Briggs
et al.®% investigated the seeded cooling crystallization of (-glutamic acid in an OFC and evaluated the effects of
the feed solution concentration and seed loading on the polymorphic form. Seeds of form 3 were used in the
experiments. While the metastable form o was exclusively crystallized in most unseeded experiments, the stable
form B was crystallized in all the seeded experiments (with the exception of one experiment that was operated
at high feed solution concentration and low seed loading). In addition, while steady state was never achieved in

the unseeded experiments, steady state was achieved with respect to CSD and polymorphic form after 2
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residences times in the seeded experiments. In a different approach, Agnew et al.8? used metacetamol as a
templating agent to produce form Il of paracetamol by cooling crystallization in a two-stage MSMPR and in an
OFC. The addition of 25% (w/w) of metacetamol forced the selective crystallization of the metastable form Il
in detriment of the stable form I. The authors hypothesized that this could be due to the inhibition of the solution-
mediated polymorphic transformation that usually occurs in the absence of a templating agent. After optimizing
the operating conditions, both continuous crystallizers delivered pure form I, while the corresponding batch

crystallizer could not deliver form Il without any trace of impurity (in this case, metacetamol hydrate).

Notation

Acronyms N Number of ideal stirred tanks in series
API Active pharmaceutical ingredient tm Mixing time

CsD Crystal size distribution u Superficial net flow velocity

MSMPR Mixed suspension mixed product removal Xy Center-to-peak amplitude of oscillation
MSZW Metastable zone width Xo crie Critical amplitude of oscillation

OFC Oscillatory flow crystallizer

PFC Plug flow crystallizer Greek Letters

RTD Residence time distribution M Fluid viscosity

SEPC Sharp edge periodic constrictions p Fluid density

SPC Smooth periodic constrictions p Relative supersaturation

STC Stirred tank crystallizer

Dimensionless Numbers

Latin symbols a = (Dy/D)* Ratio of the open constriction area for tubular-OFCs
D Tube diameter in the straight section D,/ (ul) Vessel dispersion number
c
Dy Tube diameter in the constriction L/D Cell aspect ratio for tubular-OFCs
D, Axial dispersion coefficient Re Reynolds number
f Frequency of oscillation Re, Oscillatory Reynolds number
g Inter-stage backmixing parameter St Strouhal number
l Tube length Sto Modified Strouhal number
L Distance between constrictions y Velocity ratio
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Chapter 4 - Suspension of Solids in Planar Oscillatory

Flow Crystallizers

This chapter is reproduced in part with permission from Cruz, P. C.; Silva, C. R.; Rocha, F. A.; Ferreira, A. M.
Mixing Performance of Planar Oscillatory Flow Reactors with Liquid Solutions and Solid Suspensions. Ind.
Eng. Chem. Res. 2021, 60 (6), 2663-2676. Copyright 2021 American Chemical Society.

https://pubs.acs.org/doi/full/10.1021/acs.iecr.0c04991

4.1 Introduction

The state of mixing in an oscillatory flow crystallizer (OFC) defines the environment in which the crystals
nucleate and grow. In particular, the state of mixing controls the state of suspension inside the crystallizer.! To
keep crystals in suspension in an OFC, the crystals terminal velocity must be lower than the fluid velocity in
the opposite direction; when the OFC is operated vertically, that is the axial velocity; when the OFC is operated
horizontally, that is the radial velocity.? Therefore, below a minimum oscillation intensity, the crystals will be
totally or partially deposited on the base of the OFC, and above that level, the crystals will be completely
suspended in the bulk of the fluid.

The minimum oscillation intensity required to keep crystals in suspension in an OFC depends on two main
factors: the crystals terminal velocity, which is affected by the properties of the crystals (including size and
density), the properties of the fluid (including density and viscosity), and the properties of the suspension
(including the concentration of crystals in suspension); and the mixing efficiency, which is affected by the
orientation of the OFC (vertical or horizontal), the oscillation conditions (including the frequency and amplitude
of oscillation), and the geometry of the OFC (including the baffle type, the cell aspect ratio, and the ratio of the

open constriction area).®>

In this work, the minimum mixing intensity required to fully suspend different concentrations of polyvinyl
chloride (PVC) particles in water was determined in three planar-OFCs with different geometries. The main
goal was to investigate the impact of the oscillation conditions and geometric parameters on the suspension of
solids in planar-OFCs. The experimental conditions were chosen to simulate typical conditions during
pharmaceutical crystallization: diameter of the particles between 100 and 200 pm, density of the fluid close to

1 g cm™ and concentration of solids between 10 and 30% (w/w).
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4.2 Materials and Methods

4.2.1 Crystallizers

The experiments were performed in three Perspex® planar-OFCs — Figure 4.1. The crystallizers were operated
horizontally. The dimensions of each planar-OFC including the channel width in the straight section, W, the
channel width in the constriction, W, the distance between constrictions, L, the constriction length, L,, the
straight section length, L, the channel height, H, the volume of each inter-constriction cell, V.., the cell aspect
ratio, L /W, the ratio of the open constriction area, « = W,,/W, the total volume, V, and the total length, [, are
presented in Table 4.1.

Figure 4.1 — Plate-like planar-OFC.

The dimensions of the three planar-OFCs were chosen based on the work of Pereira,® who used numerical
optimization to minimize the mixing time as a function of the geometric parameters of planar-OFCs. Crystallizer
2 (L/W=4.25 and «=0.19) was designed with the dimensions that provided the lowest mixing time, according
to Pereira;® Crystallizer 3 (L/W=4.25 and a=0.41) is a variant of Crystallizer 2 with a wider constriction,
corresponding to @=0.41, which roughly matches the upper limit recommended by Gough et al.” for efficient
mixing in a conventional tubular-OFC; and, finally, Crystallizer 1 (L/W=3.00 and «=0.41) is a variant of
Crystallizer 3 with a shorter distance between constrictions, corresponding to L/W=3.00, the same value used
by Reis et al.? in a tubular-OFC with smooth periodic constrictions (SPC), where unmatched performances were
achieved.
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Table 4.1 — Dimensions of each planar-OFC.

Parameter Crystallizer 1 Crystallizer 2 Crystallizer 3
W (mm) 8 8 8

W, (mm) 3.3 15 3.3
L=Ly+L,(mm) 24 34 34
Ly (mm) 11 8 8

L, (mm) 13 26 26
H (mm) 5 5 5
Veou (Mm3) 831 1230 1266
L/w 3.00 4.25 4.25
a =Wy /W 0.41 0.19 0.41
Vv (mL) 111 117 123
1 (m) 3.35 3.27 3.27

4.2.2 Experimental Procedure

A stream of distilled water was injected into the crystallizer by a peristaltic pump (BT300-2J, Longer Pump).
When the crystallizer was completely full with distilled water, a suspension of PVC particles (160 pm of mean
diameter) was continuously injected and kept in oscillation, which forced the water out of the crystallizer. The
oscillation was provided by a linear motor (H01-23x166/80, LinMot) actuating a piston with a 12.8 mm
diameter. When the crystallizer was completely and homogeneously filled with the suspension, the flow and the
oscillation were stopped and the particles were allowed to settle. Then the oscillation was reactivated to
determine the minimum amplitude, x,, required to fully suspend the particles at fixed frequency, f. This value
is herein identified as the critical amplitude for total suspension of solids, xq ;. TO determine xg o, the
amplitude of oscillation was progressively increased by 0.5 mm increments at the piston, corresponding to

1.6 mm in the straight section. Therefore, the determination of x, .,;+ had an associated error of 1.6 mm.

An image analysis technique was employed to determine x, .,i¢. The technique consisted in focusing a video
camera (Leica DMS300) at the base of a mixing cell, and placing a light source (Leica LED30000 BLI) at the

top, to record the oscillating particles — Figure 4.2.

59



Chapter 4

Figure 4.2 — Experimental set-up for the determination of the critical amplitude for total suspension of solids.
A — planar-OFC; B — video camera; C — light source.

A series of frames were captured for each combination of x, and f. Then, the images were analyzed by an
image analysis algorithm developed in Matlab®. This algorithm reduces the color depth of the image from 256
to 2 levels of gray, eliminates the objects that contact the boarder of the image, identifies the particles in the
image, and determines the number and total area of the particles. This sequence of image processing steps is
shown in Figure 4.3. The algorithm only identifies the particles that are not suspended because they produce a
darker print in the image than the moving particles, which blend with the background. The number and total
area of the non-suspended particles were determined in 5 frames for each combination of x, and f. Then, the
mean and the standard deviation of the number and total area of the non-suspended particles of the 5 frames
were calculated. The critical amplitude for total suspension of solids was reached when the mean number and
the mean total area of the non-suspended particles reached simultaneously 10% and 15% of the initial values
(without oscillation), respectively. Simultaneous application of these two criteria reduced the error associated

with the image analysis technique and matched with a visual inspection of good particle suspension.

Suspensions with three different concentrations of PVC particles in water were tested: 10, 20 and 30% (w/w)
as mass of particles per mass of water, corresponding to 9, 17 and 23% (w/w) as mass of particles per total mass.
Suspensions with higher concentrations were also tested but it was not possible to determine whether the solids
were suspended or not due to the high density of particles. This experimental procedure was repeated in the

three planar-OFCs.
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(d)
A Area=2.45- 107 px?
3 Number=794
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Figure 4.3 — Image processing steps. Crystallizer 1 with a 10% (w/w) suspension. (a) Original image. (b)
Reduction of color depth from 256 to 2 levels of gray. (¢) Elimination of objects that contact the boarder of
the image and the identification of the particles. (d) Determination of the number and total area of the
particles.

4.3 Results and Discussion

In this work, x, .-+ Was determined in a range of frequencies (1-8 Hz) and concentration of solids (10-
30% (w/w)) in three horizontal planar-OFCs with different geometries. The determination of xg ., is illustrated
in Figure 4.4. This figure shows that when Crystallizer 1 operates at f=1 Hz with a 10% (w/w) suspension, the
percentage of particles decreases below 10% and, simultaneously, the percentage of total area decreases below
15% when x,=24 mm. So, x,=24 mm is the critical amplitude of oscillation under these operating conditions.

This method was applied to all the operating conditions under study.
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Figure 4.4 — Percentage of particles and total area as a function of the amplitude in Crystallizer 1 operating at

f=1 Hz with a 10% (w/w) suspension. The error bars represent the standard deviation of 5 frames.

The velocity ratio, defined as the ratio between the peak oscillatory axial velocity, v,s. = 2mfx,, and the
terminal velocity of a single particle, v,, was calculated for x, .-+ This dimensionless group was proposed by
Mackley et al.? and has been used to compare the efficiency of OFCs to suspend solids with different operating
conditions* and geometries,® and also to classify the solids flow regime.® The ratio between the input axial
velocity and the generated radial velocity depends on the operating conditions and geometry of the OFC.
Therefore, a lower velocity ratio is an indicator that a particular operating condition or geometry is more
effective in generating the radial velocity required to fully suspend the solids.

In the laminar flow regime, the terminal (or settling) velocity of an individual particle can be calculated from
Stokes’ law'’ as:

_9d3(pp — p)

where g is the gravitational acceleration, d,, is the particle diameter, p,, is the particle density, p is the fluid
density, and u is the fluid viscosity. Stokes’ law assumes that the motion of an individual particle is unaffected
by the motion of other particles. However, when a large number of particles are present, the surrounding
particles interfere with the motion of the individual particles. This is because the particles displace the fluid as
they settle, and the upward displacement of the fluid reduces significantly the terminal velocity of the individual

particles. Therefore, the actual terminal velocity in this hindered flow is less than would be calculated from

Stokes’ law.

The effective slurry viscosity, u,,, can be calculated as:
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_H
b = (4.2)

where 1,, is an empirical correction, which can be calculated as:*°

1

by = 10182(1-¢) (4.3)

where ¢ is the volume fraction of the slurry occupied by the fluid. Therefore, the slurry density, p,,, can be

calculated as:
pm=¢ep+ (1 —¢€)py (4.4)

Substituting p by p,,, and u by p,,, in Equation (4.1) and considering that the actual terminal velocity is € times

the velocity calculated by Stokes’ law, Equation (4.1) becomes:

gd3(pp — p) p) 22 (4.5)
Ve = 181 (&“Yp)

Finally, the suspension of solids also depends on the energy input, expressed as the power input per unit volume,

P/V, calculated as:

P_ w<_ _ 1) (4.6)
4 3nCe a?

where N, is the number of identical constrictions per unit length and C, is the standard orifice discharge

coefficient usually taken as 0.7.%!

Figure 4.5, Figure 4.6 and Figure 4.7 display the experimental results for xg ci¢, Vosc/ve and P/V. It should
be noted that when Crystallizer 3 was operated at f=1 Hz and f=8 Hz the solids were not fully suspended even
with the maximum amplitude provided by the linear motor (20 mm in the piston, corresponding to 32 mm in
the channel straight section). For this reason, xg c,it, Vosc/ve and P/V are not provided for these conditions in

Figure 4.5, in Figure 4.6 and in Figure 4.7, respectively.
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Figure 4.5 — Critical amplitude of oscillation for total suspension of solids as a function of the frequency of
oscillation in three planar-OFCs operating with (a) 10% (w/w), (b) 20% (w/w), and (c) 30% (w/w)

suspensions.
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Figure 4.7 — Power input per unit volume at the critical amplitude of oscillation for total suspension of solids
as a function of the frequency of oscillation in three planar-OFCs operating with (a) 10% (w/w), (b)

20% (w/w), and (c) 30% (w/w) suspensions.
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Figure 4.5 shows that x ;+ increases when the concentration of solids increases from 10 to 30% (w/w) in the
three crystallizers. Previous studies in tubular-OFCs have reported a maximum limit of 20% (w/w) to suspend
solids,** but this limit was exceeded in this work with planar-OFCs operating with 30% (w/w) suspensions.

Figure 4.5 also shows that the dependency of x, ., On f can be generally described as a "U" shape response,
with xg .-+ decreasing as f increases from 1 to 4 Hz, and x ., increasing as f increases from 4 to 8 Hz, in the
three crystallizers. The first part of this trend follows the results previously obtained in tubular-OFCs,*® but the
second part follows an opposite trajectory. It was observed that when high levels of f are combined with low
levels of x, two mixing zones are formed: one with high mixing intensity near the constrictions, and another
with very low mixing intensity in the center of the straight section. This phenomenon is illustrated in Figure
4.8. Visual inspection of this phenomenon shows that when f>4 Hz the vortices do not have time to distort and
expand through the full volume of the cell before the direction of the flow is reversed, which creates stagnant
zones in the middle of the cell. Therefore, when f>4 Hz, x, must increase significantly to enable the full

suspension of solids.

Top view

Figure 4.8 — Typical top and side views of a particle suspension in a planar-OFC operating below xg . with

f>5Hz. The deposit of particles is identified with an arrow.

In a tubular-OFC, the cell aspect ratio is defined as L/D, where L is the distance between constrictions, and D
is the tube diameter in the straight section; and the ratio of the open constriction area is defined as « = (D,/D)?,
where D, the tube diameter in the constriction. Ejim et al.> determined x .,;; in 10 tubular-OFCs, 5 with smooth
periodic constrictions (SPC) (Tubes A, B, C, D and E) and 5 with sharp edge periodic constrictions (SEPC)
(Tubes F, G, H, I and J), with L/D ranging between 1.5 and 3.0 and « ranging between 0.12 and 0.25. x¢ ¢yt
was determined at /=2, 5 and 7 Hz with a concentration of solids of 10% (w/w). x .+ decreased as f" increased
in all the tubes, except Tube E. In the case of Tube E, when f increased from 5 to 7 Hz there was a slight

increase of x, .-+. The geometry of tube E was the closest to the geometry of Crystallizer 1 (Tube E: «=0.25
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and L/D=3.0; Crystallizer 1: «=0.41 and L/W=3.0), which suggests that the loss of mixing efficiency at higher
frequencies may also occur in tubular-OFCs, depending on their geometry.

With respect to the velocity ratio, Figure 4.6 shows that, at low frequencies, between 1 and 3 Hz, v,s./v;:
generally decreases as f decreases, which means that it is easier to suspend particles at high frequencies and
low amplitudes than at low frequencies and high amplitudes. This agrees with the findings of Reis et al.* and
Ejim et al..> On the other hand, at high frequencies, between 3 and 8 Hz, v,,./v; generally increases as f
decreases, which must be a result of the mixing problems previously mentioned for higher frequencies. So, f=3
Hz is clearly the optimum frequency of oscillation to suspend solids. f=3 Hz also enables the suspension of
solids with the lowest values of P/V. Channel 2 is the exception to this rule as v,s./v; and P/V increase
monotonically with f. It is also noteworthy that v,./v; is higher than 7 in the whole range of frequencies in
the three crystallizers, and P/V is higher than 227 W m™ in most cases, which corresponds to the “Solids

washout” regime, as defined by Slavni¢ et al..®

Figure 4.5, Figure 4.6 and Figure 4.7 also present the effects of L /W and « on the suspension of solids. These
figures show that ranging L /W between 3.00 and 4.25 (compare Crystallizer 1 and Crystallizer 3) has a stronger
effect on the suspension of solids than ranging a between 0.19 and 0.41 (compare Crystallizer 2 and Crystallizer
3). Figure 4.5 also shows that x, ..;+ increases as L/W increases from 3.00 to 4.25, in the whole range of
frequencies, which suggests that increasing L/W reduces the efficiency of vortex propagation and interaction
between vortices. A similar conclusion can be drawn from Figure 4.6 for the velocity ratio. These results follow
the work of Gough et al.” in a conventional tubular-OFC, where the authors reported that x, should be increased
when L /D increases in order to obtain identical mixing efficiencies in OFCs with different L/D. Similar results
were also reported by Ejim et al.® in tubular-OFCs with SEPC, however, with SPC the results were less regular.
With SPC, the effect of L/D on x, .;+ depended on a: on the one hand, x ., increased as L/D increased at
«=0.25, on the other hand x, .-+ decreased as L/D increased at a=0.12. Considering that «=0.25 is the closest
to @=0.41, the basis of comparison in the present work, the results reported here seem to be aligned with those

reported by Ejim et al..

Figure 4.5 also shows that x, .+ increases as a decreases from 0.41 to 0.19 when f<4 Hz, but it decreases
when >4 Hz. Once again, a similar conclusion can be drawn from Figure 4.6 for the velocity ratio. Let us first
consider the first part of this trend. When f<4 Hz, while a lower value of « restrains the propagation of the
vortices, which are unable to expand in the entire cross-section of the inter-constrictions cell, a higher value of
a allows the expansion of the vortices in the full volume of the inter-constrictions cell and promotes the
interaction between vortices. Therefore, when f<4 Hz, x, ., decreases as « increases. Let us now consider the
second part of the trend. As previously mentioned, when f>4 Hz, there is a strong contrast between the mixing
intensity in the constriction and the straight section. However, the contrast diminishes as a decreases due to the

contraction of the fluid, which increases the velocity in the constriction and, consequently, also in the straight
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section, and improves the suspension of solids. Therefore, when >4 Hz, x, .;» decreases as a decreases. With
respect to the work of Ejim et al., in the case of tubular-OFCs with SEPC, the effect of @ on x i Was quite
regular, with x, ., increasing as a increased; on the other hand, in the case of tubular-OFCs with SPC, the
effect of a on xg ¢, Was less regular, with x, ..;+ decreasing as a increased at L/D=1.5, and x, .4+ increasing
as a increased at L/D=3.0. Taking into consideration all these results, it seems that the effects of L/W and «
on the suspension of solids depend not only on the combination of frequency and amplitude of oscillation, but
also on each other. Therefore, all the interactions between geometric and operating parameters should be

considered in order to optimize the geometry of an OFC (planar or not) for a given application.

4.4 Conclusion

This study shows that both operating and geometric parameters have a great influence on the suspension of
solids in planar-OFCs. It was found that moderate levels of frequency, around 3 Hz, enable the suspension of
solids at lower levels of amplitude. In addition, it was also found that the geometry of the channel, particularly
the cell aspect ratio, has a significant impact on the suspension of solids.

In summary, this study shows that the effects of the operating and geometric parameters on the suspension of
solids in planar-OFCs follow similar trends to those reported in tubular-OFCs, which suggests that the potential
benefits of a planar-OFC, such as allowing the flow of solids in a less constricted path, can be added to the well-
known benefits of a tubular-OFC.

Notation

Acronyms l Total length

OFC Oscillatory flow crystallizer L Distance between constrictions

PVC Polyvinyl chloride L, Constriction length

SEPC Sharp edge periodic constrictions L, Straight section length

SPC Smooth periodic constrictions N, Number of identical constrictions per unit length
P/V Power input per unit volume

Latin symbols 1% Total volume

Co Standard orifice discharge coefficient Veeu Volume of each inter-constriction cell

D Tube diameter in the straight section Vose Peak oscillatory axial velocity

Dy Tube diameter in the constriction v Terminal velocity

dy Particle diameter w Channel width in the straight section

f Frequency of oscillation w, Channel width in the constriction

g Gravitational acceleration Xo Center-to-peak amplitude of oscillation

H Channel height Xocrit Critical amplitude of oscillation
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Greek Letters Dimensionless Numbers

€ Volume fraction of the slurry occupied by the fluid a = (D,/D)? Ratio of the open constriction area for tubular-OFCs

u Fluid viscosity a=Wy/W Ratio of the open constriction area for planar-OFCs

U Effective slurry viscosity L/D Cell aspect ratio for tubular-OFCs

p Fluid density L/w Cell aspect ratio for planar-OFCs

Dm Slurry density Vose/ Ve Velocity ratio

Py Particle density

Yy, Empirical correction
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Chapter 5 - Mixing Times in Planar Oscillatory Flow

Crystallizers
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5.1 Introduction

The state of mixing in an oscillatory flow crystallizer (OFC) not only determines the state of suspension, but
also the concentration gradients in the liquid and solid phases, which define the distribution of supersaturation

inside the crystallizer.

Tracer experiments have been conducted to investigate the impact of operating conditions and geometric
parameters on the state of mixing in OFCs. In some works, the state of mixing was quantified in the form of the
mixing time, which is the time required to reach a specific degree of concentration uniformity after an injection
of a tracer;>° in other works, the state of mixing was quantified in the form of the axial dispersion coefficient,
which characterizes the degree of backmixing in the axial direction.*®"° Shorter mixing times and larger axial

dispersion coefficients are indicative of better mixing efficiencies.

In relation to the effect of the operating conditions, the general conclusion is that increasing the frequency and
the amplitude of oscillation increases the axial dispersion and, therefore, decreases the mixing time.2 In relation
to the effect of the geometric parameters, the conclusions are more complex. It has been reported that the cell
aspect ratio, L/D, controls the shape and length of the vortices: when L/D is too small, there is channeling of
the flow through the center of the constriction, which suppresses the generation of vortices; when L/D is too
large, the vortices are unable to spread through the full length of the inter-constriction cell and interact with
other vortices, which results in the formation of stagnant zones.?® It has also been reported that the ratio of the
open constriction area, a = (D,/D)?, controls the width of the vortices: when « is too small, the vortices are
unable to expand in the entire cross-section of the inter-constriction cell, which creates stagnant zones; when «
is too large, there is channeling of the flow through the center of the constriction, which suppresses the
generation of vortices.®®> Table 5.1 summarizes optimal values/ranges for L/D and a reported in different

works.
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Table 5.1 — Optimal values/ranges for L/D and « reported in different works.

Reference Baffle geometry  Oscillating mechanism Range tested Optimal value/range Criteria

Brunold et al.? Orifice Moving fluid 1<L/D<2 L/D=15 Effective mixing in the widest range
a=0.45 of amplitudes

Gough et al.® Orifice Moving baffles 0.7<L/D<2 L/D=2 Efficient mixing with the smallest

area of the internal surfaces

0.26<a<0.47 0.32<a<0.40 Efficient mixing

Ni and Gao® Orifice Moving fluid 1<L/D<2 L/D=18 Highest mass transfer coefficient
a=0.34

Ni et al.® Orifice Moving baffles 1<L/D<25 L/D=2 Lowest mixing time

Moving fluid 0.11<a<0.51 0.20<a<0.22

In this work, the mixing time was determined in three planar oscillatory flow crystallizers (planar-OFCs) with
different geometries. The mixing time was determined for a homogeneous system using indigo carmine as a
liquid tracer, and also for a heterogeneous system using particles of polyvinyl chloride (PVC) as a solid tracer.
The main goal was to investigate the impact of the oscillation conditions and geometric parameters on the

mixing time of the liquid and solid phases in planar-OFCs.

5.2 Materials and Methods

5.2.1 Crystallizers

The mixing time was determined in three planar-OFCs with different geometries. The crystallizers were
operated horizontally. The dimensions of each planar-OFC including the channel width in the straight section,
W, the channel width in the constriction, W, the distance between constrictions, L, the constriction length, L,,
the straight section length, L,, the channel height, H, the volume of each inter-constriction cell, V,,;;, the cell
aspect ratio, L /W, the ratio of the open constriction area, @ = W, /W, the total volume, V, and the total length,
[, are presented in Chapter 4, Table 4.1.

5.2.2 Experimental Procedure

The experimental set-up used for the determination of the mixing time is presented in Figure 5.1. The mixing
time was determined in the first 135 cm section of each crystallizer. This section was chosen to avoid the long
experiments required to determine t,,, over the total length of more than 3 m of each crystallizer. First, a stream

of distilled water was injected into the crystallizer by a peristaltic pump (BT300-2J, Longer Pump) and the
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oscillation was activated. The oscillation was provided by a linear motor (H01-23x166/80, LinMot) actuating a
piston with a 12.8 mm diameter. Then, 2 mL of tracer was quickly injected at the crystallizer inlet. A 0.4 g L
aqueous solution of indigo carmine (dye tracer) was used as a liquid tracer and a 40% (w/w) suspension of PVC
particles in water was used as a solid tracer. The concentration of tracer was measured in a flow through cell at
135 c¢cm downstream of the crystallizer inlet by a spectrometer (SPEC RES+ UV/VIS-Sarspec). This

experimental procedure was repeated in the three planar-OFCs.

The mixing time was determined at different frequencies, f, and amplitudes of oscillation, x,. The effect of the
amplitude was standardized as the ratio between the volume displaced in a complete peak-to-peak oscillation
and the volume of each inter-constriction cell, V,;/V,.;;, to facilitate the comparison between crystallizers. f
ranged between 2 and 4 Hz, and V,; /V.;; ranged between 1.1 and 1.3. The range of f was chosen around f=3 Hz,
which is optimal to suspend solids (Chapter 4), and the range of V; /V,.;; with V; /V,.;;>1 was chosen to ensure
the interaction between two consecutive cells (with V; /V,.;; <1 the tracer was confined to the initial cells and

did not spread through the crystallizer).

Tracer injection point

Linear motor )

d *Measurement point

Figure 5.1 — Experimental set-up for the determination of the mixing time.

5.2.3 Calibration Curves

The concentration of tracer was measured at the wavelengths, A, of 581 nm and 655 nm for the liquid and the
solid tracers, respectively. The wavelengths were chosen based on the linearity of the measurements. The
coefficient of determination, R?, was calculated for each wavelength in the range of 162-909 nm — Figure 5.2
(a) and Figure 5.3 (a) — and the wavelength that gives the best linearity was chosen to perform the experiments.!
The calibration curves that were used in this work to measure the concentration of liquid and solid tracers are

shown in Figure 5.2 (b) and Figure 5.3 (b), respectively.
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Figure 5.2 — (a) Coefficient of determination as a function of the wavelength for the calibration curve of

indigo carmine. (b) Calibration curve for the concentration of indigo carmine at A=581 nm. Abs is the

absorbance.
1.00 14
.
12 g
0.99
1.0
o
. 0.98 2 0.8
= 0.97 T o6
- y=0215x - 0.008
0.4 - . R2=1.000
0.96 :
02 4 )
-
0.95 . ; ; ; 0.0 ; ; ;
0 200 400 600 800 1000 0.0 2.0 4.0 6.0 8.0
() / (nm) (b) C (% (W/W))

Figure 5.3 — (a) Coefficient of determination as a function of the wavelength for the calibration curve of PVC

particles. (b) Calibration curve for the concentration of PVC particles at A=655 nm. Abs is the absorbance.

5.2.4 Design of Experiments

A full factorial experiment was created in Minitab® to study the effects of f and V,;/V_,;; on the mixing time
of the liquid and solid tracers. Each factor was studied at two levels. In coded units, the low level and the high
level are defined as —1 and +1, respectively. All the four possible combinations of the two factors were tested
in triplicate. This design was augmented with three center points to test for the curvature of the response. The
center points are set halfway between the low and high levels of each factor with three replicates to estimate the
error. In coded units, the center points are defined as 0. All the four possible combinations of the two factors

plus the center point, each with three replicates, resulted in a total of (4+1)x3=15 runs. The factor space of this
experimental design is presented in Figure 5.4.
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Figure 5.4 — Factor space for the determination of the mixing time.

The experimental conditions of each run are presented in Table 5.2. The oscillatory Reynolds number, Re,, and
the Strouhal number, St, that characterize each experimental condition are also presented in Table 5.2. Re, and
St were calculated based on the hydraulic diameter, D;,, defined as:

ACS
D, =4—
h P, (5.1)

where A, is the cross-sectional area of the channel and P is the wetted perimeter of the cross-section.

Table 5.2 — Experimental conditions and respective dimensionless numbers in each run.

Crystallizer 1 Crystallizer 2 Crystallizer 3
Run f (Hz) Va/Veew Xo(mm) Re, St xo (mm) Re, St xo (Mm) Re, St
1 2 11 114 883 0.043 16.9 1308 0.029 17.4 1346 0.028
2 4 11 11.4 1767 0.043 16.9 2616 0.029 17.4 2692 0.028
3 2 13 135 1044 0.036 20.0 1546 0.025 20.6 1591 0.024
4 4 13 135 2088 0.036 20.0 3091 0.025 20.6 3182 0.024
5 3 12 12.5 1445 0.039 185 2140 0.027 19.0 2203 0.026
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5.3 Results and Discussion

5.3.1 Determination of the Mixing Time

The mixing time was obtained from the concentration curve for each experimental condition under study. The
concentration curve that was obtained with the liquid tracer at f=3 Hz and V,;/V,.;=1.1 in Crystallizer 3 is
presented in Figure 5.5 (a). This example will be used to illustrate how t,, was determined for each
experimental condition. Three zones can be distinguished in Figure 5.5 (a): Zone I, at the beginning, where the
concentration is practically constant, followed by Zone I, where the concentration increases rapidly, and Zone

111, where the concentration stabilizes and the mass transfer rate decreases.

0.04 0.00
* All data
2.00 - .
* Linear Zone
0.03 -4.00
~ S -6.00 |
o 0.02 < -8.00 -
~ I i 11 = -10.00 1
0.01 4 -12.00 -
-14.00 - .
0.00 ‘ ‘ ‘ ‘ -16.00 ‘ ‘ . ‘
@ ° 500 1000 1500 2000 2500 (p) 0 500 1000 1500 2000 2500

7(s) 7(s)

Figure 5.5 — (a) Concentration curve of indigo carmine. (b) Application of F test. (f=3 Hz and V4/Vce=1.1 in
Crystallizer 3).

When the concentration curve is represented as a semi logarithmic plot of In(C,, — C) versus t, where C,, is the
concentration of tracer at infinite time, C is the concentration of tracer at the measurement point, and ¢ is time,
a linear zone, corrresponding to Zone 1l of the concentration curve, is found — Figure 5.5 (b). Therefore, the
stabilization zone, corresponding to Zone Il of the concentration curve, starts at the end of the linear zone of
In(C,, — C) versus t. This criterion was used to measure the time needed to achieve a specific degree of

concentration homogeneity after the injection of tracer, t,,.

The linear zone was delimited using the statistical method F test.? This method computes the optimum number
of points, n,, for a linear regression of experimental data. First, the two linear regression parameters, the slope,

b, and the intersection, c, together with parameter F* are calculated for a short data interval. Parameter F* is

. _ 1 Z(yest _y)z
F g / R (5.2)

defined as:
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where y and y.; are the experimental and the estimated value, respectively. y.; is calculated as y,s; = bx +
c. Then, an increment in n, is added to the data interval at each iteration and the two linear regression

parameters, b and c, are recalculated to minimize parameter F*.

Initially, a fixed initial point is defined at the middle of Zone Il, where de linear zone is located. Then, F test is
executed to the left and the right hand sides of the initial point. Finally, t,, is calculated as the time interval
between the beginning of the experiment and the last point of the linear zone, taken from the optimum number
of points for the right hand side. In Figure 5.5 (b), the linear zone that was used to determine t,, is identified.
This procedure was employed to determine t,,, for the liquid tracer, t%,, and for the solid tracer, t,, for Runs 1-

5. The results are presented in Table 5.3, Table 5.4, and Table 5.5 for Crystallizers 1, 2 and 3, respectively.

Table 5.3 — t," and t,° obtained in Crystallizer 1 in each run.

th(5) £5,09)
Run f (Hz) Va/Veen 1 2 3 1 2 3
1 2 11 2670 2287 2897 4763 4286 4074
2 4 11 1086 1033 1192 1541 1610 1679
3 2 13 1725 2280 2061 2583 2900 3025
4 4 13 941 1019 770 981 1286 1197
5 3 12 1424 1773 1660 2205 1923 1930

Table 5.4 — t," and t,° obtained in Crystallizer 2 in each run.

th(s) tn(S)
Run f (Hz) Va/Veen 1 2 3 1 2 3
1 2 11 731 671 648 953 924 901
2 4 11 427 418 513 431 510 442
3 2 13 527 595 458 704 726 716
4 4 13 356 311 389 429 441 457
5 3 12 430 494 421 534 527 622

Table 5.5 — t," and t,° obtained in Crystallizer 3 in each run.

t(s) tm(s)
Run f (Hz) Va/Veen 1 2 3 1 2 3
1 2 11 1742 2060 1926 2165 2600 2733
2 4 11 762 637 814 1696 1837 1352
3 2 13 1372 1390 2176 2311 2269 1843
4 4 13 554 603 545 779 1254 1204
5 3 12 946 952 1008 1805 1577 1227
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Figure 5.6 displays t% and Figure 5.7 displays t;, as a function of f and V,;/V,.; in each crystallizer,

respectively. Figure 5.8 displays t,,, as a function of Re,, for both the liquid and solid tracers and Figure 5.9

displays of t,,, as a function of 1 /St for both the liquid and solid tracers. In these figures, the error bars represent

the interval between the minimum and maximum values of the three replicates.
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Figure 5.6 — t,. as a function of the oscillation conditions in (a) Crystallizer 1, (b) Crystallizer 2, and (c)
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Figure 5.7 — t,,5 as a function of the oscillation conditions in (a) Crystallizer 1, (b) Crystallizer 2, and (c)
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Figure 5.9 — t,,- and t,S as a function of St (f=2 Hz) in (a) Crystallizer 1, (b) Crystallizer 2, and (c)
Crystallizer 3.

5.3.2 Comparison of Mixing Times for the Liquid and Solid Tracers

tL varied between 311 and 2897 s, and t3, varied between 429 and 4763 s. To the best of our knowledge, this
is the first time that values of t,, are reported for a solid tracer, however, several other studies have reported
values of t,,, for liquid tracers in tubular-OFCs. For example, Ni et al.® reported values of t,,, between 100 and
1500 s in a tubular-OFC with 50 mm of diameter and 865 mm of operational height, Ni and Stevenson® reported
values of t,, between 100 and 2000 s in a tubular-OFC with 50 mm of diameter and 730 mm of operational
height and Ni et al.” reported values of t,,, between 84 and 919 s in a tubular-OFC with 50 mm of diameter and
865 mm of operational height. So, the results obtained in this work, although in the same order of magnitude,
are still higher than those previously reported in tubular-OFCs. Nevertheless, such difference is probably due
to the baffle geometry and the much smaller cross-sectional areas of the crystallizers of this work (40 mm? in

the straight section) in comparison with other works (1963 mm? in the straight section).

It was found that, under identical conditions, t;, is considerably higher than t%,. This was rather expected
because, while the liquid tracer seems to behave as a microfluid, completely mixed into the fluid at a molecular
level, the solid tracer seems to behave as a macrofluid. This is because the molecules of the liquid tracer lose
their identity into the fluid, whereas the particles of the solid tracer retain their identity as distinct aggregates of
molecules.®* What is more, the solid tracer seems to offer a greater resistance to flow than the liquid tracer due

to the difference of densities between the solid (~1.4 g cm=) and the liquid phases (~1.0 g cm?®).

5.3.3 Effect of the Oscillation Conditions on the Mixing Time

It was found that t,,, decreases as both f and V;/V,.;; increase. This agrees with previous works in tubular-
OFCs, which have linked the increase of f and x, to the increase of radial and axial mixing, respectively, with

both phenomena contributing to decrease t,,.>% It was also found that, in the range of operating conditions
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under study in this work, t,,, is more sensitive to f than to V; /V,.;;. This finding could be thought to be opposite
to that reported by Reis et al.® in a tubular-OFC, because, in their work, the mixing time was found more
sensitive to x, than to . However, the experimental results of these two studies are actually in good agreement.
In their work, Reis et al. covered a range of frequencies between 3 and 20 Hz, and a range of amplitudes between
0.5 and 3 mm, and found that x, and f affect the mixing time in a non-linear way: initially, there is a strong
decrease in the mixing time as both f and x, increase, but then, as f and x, are further increased, the decrease
in the mixing time becomes rather weak. Therefore, while the range of frequencies under study in the present
work (2-4 Hz) represents the first part of that trend, when the frequency is expected to have a strong impact on
the mixing time, the range of amplitudes (11.4-13.5 mm in Crystallizer 1, 16.9-20.0 mm in Crystallizer 2, and
17.4-20.6 mm in Crystallizer 3) represents the last part of that trend, when the amplitude is expected to have a

rather weak impact on the mixing time.

It was also found that t,,, decreases as Re,, increases, with a greater degree of decrease at lower values of Re,,
and a lesser degree of decrease at higher values of Re,. Similar results were previously reported by Ni et al.’
and Fitch and Ni° in conventional tubular-OFCs. This result suggests the existence of a threshold in the
uniformity of mixing, so that, once the OFC reaches such a level of uniformity, a further increase of Re,, in the
form of either the frequency or amplitude of oscillation, would lead to a much smaller decrease of ¢,,. Finally,
it was also found that t,,, decreases as 1/St increases. 1/St represents the effect of x, weighted by the hydraulic
diameter of the channel, which is comparable with V,;/V,.;;. Therefore, the effect of 1/St is identical to the
effect of V3 /Veenr-

5.3.4 Effect of the Geometric Parameters on the Mixing Time

The lowest values of t,,, were achieved in Crystallizer 2, followed by Crystallizer 3, and finally by Crystallizer
1. In addition, the smallest difference between t;, and tL, was achieved in Crystallizer 2, followed by
Crystallizer 3, and finally by Crystallizer 1. This means that the difference between t;, and t%, increases as t,,
increases, which suggests that the loss of mixing efficiency for liquids translates into an even greater loss of
mixing efficiency for solids, which might be critical for applications that involve the direct contact between a

liquid and a solid phase, such as crystallization.

The effect of L/W on t,, can be assessed by comparison of Crystallizers 1 and 3, which have the same « and
different L/W, and the effect of @ on t,,, can be assessed by comparison of Crystallizers 2 and 3, which have
the same L /W and different a. It was found that lower values of t,,, are achieved with smaller values of a and
larger values of L/W, with the first parameter showing a more significant effect. It was also found that the
degree of decrease in t,, as a function of Re, was considerably smaller for Crystallizer 2, with a lower value of

a, than for Crystallizer 1 and 3, with a larger value of a. This shows, once again, that @ has a much stronger
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impact on t,, than L/W. These results are completely aligned with the simulation results of Pereira®, who

predicted that the dimensions of Crystallizer 2 should provide the shortest mixing times.

In a tubular-OFC, the cell aspect ratio is defined as L/D, where L is the distance between constrictions, and D
is the tube diameter in the straight section; and the ratio of the open constriction area is defined as « = (D,/D)?,
where D, the tube diameter in the constriction. Ni et al.® determined t,,, in a conventional tubular-OFC and
found that t,,, generally increases as a increases from 0.11 to 0.51, with an optimal range between 0.20 and 0.22
for the shortest mixing times, which is fairly close to 0.19, the value of « in Crystallizer 2, where the shortest
mixing times were produced in the present work. On the other hand, the authors also found that increasing L /D
from 1 to 2.5 produced a less well-defined effect on t,,, but L/D=2 generally produced the shortest mixing
times. Unfortunately, comparisons between that work and the present work are somewhat limited, considering

that significantly higher values of L/W (3.00-4.25) were used in the present work.

5.3.5 Model Development

The experiments were performed according to a DoE approach. First, a full factorial design was used to predict
the effects of f and V,;/V,.;; on tk and t5,. Each combination of factors was tested in triplicate. A first order
model was formulated to describe the relationship between the response, tk, or t3,, and the two factors, f and

Va/Veeu, in each crystallizer as follows:
tim (o1 ty) = Bo + Brf + BaVa/Veeu + PrzafVa/Veeu (5.3)

where f3, is a constant, 5, and £3, are linear coefficients, and £3;, is an interaction coefficient.

In order to stabilize the variance of the response, a Box-Cox transformation with 1=0 was used. When A=0, the

transformed response is t,,, = In(t,,,). Therefore Equation (5.3) becomes:
tm(or tm) = Bo + Bif + B2Va/Veeu + Biz2fVa/Veeu (5.4)

The p-value of each term of the model was compared with the significance level of 5% in order to assess its
significance. The p-value measures the evidence against the null hypothesis, which states that the coefficient
associated to the term is equal to zero, or in other words, that the term has no significant effect.’® Then, the
significant terms were selected and the insignificant terms were eliminated from the model by a backward
stepwise technique. Table 5.6 presents the coded coefficients for the transformed response of each model and
the respective coefficient of determination and Figure 5.10 shows the quality of the fit of each model to the
experimental data. In most cases, the interaction coefficient B, is not listed in Table 5.6 because it was found

not significant.
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The center points were used to test for curvature. This test compares the mean response at the center points to
the expected response considering a linear relationship between the factors and the response. The curvature is
considered significant when the p-value for curvature is less than or equal to a suitable significance level. The
p-value for curvature measures the evidence against the null hypothesis, which assumes that all the relationships
between the factors and the response are linear.® In this study, the curvature of t,, was found not significant

with a significance level of 5% in all cases. These models may now be used to predict t5, and t;, as a function

of the oscillation conditions in each crystallizer.

Table 5.6 — Coded coefficients for the transformed response and coefficient of determination of each model.

Crystallizer 1

Crystallizer 2

Crystallizer 3

Coefficient th t th t th t
Bo 7.3335 7.6732 6.1720 6.3906 6.9495 7.4312
B1 () -0.4149 -0.4752 -0.2041 -0.2952 -0.4991 -0.2834
By -0.1145 -0.1929 -0.1289 -0.0744 -0.1070 -0.1451
Bz (5) 0.0547 - -
R? (%) 93.31 96.81 84.85 95.59 93.45 74.08
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Crystallizer 1; L a Crystallizer 2; L » Crystallizer 3; L

Crystallizer 1; S & Crystallizer 2; S © Crystallizer 3; S

Figure 5.10 — Comparison of tt and t,S obtained from the model, (¢t.£)"™ and (¢t.5)™, and obtained

experimentally, (t.L)° and (t.5)® in each crystallizer. L stands for liquid tracer and S stands for solid tracer.

The main effects plot is presented in Figure 5.11. The main effects plot displays the average response, @ and
a, for each level of f and V,;/V,.;;. Figure 5.11 shows that f, and V,; /V,.;; have similar negative effects on
tk and t;, in the three crystallizers. It also shows that, in the range of operating conditions under study, t%, and

t5 are more sensitive to f than to V,/V,.;, because the linear coefficient associated with of f (B;) is
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significantly larger than the linear coefficient associated with V,;/V,.;; (8,). This is coherent with the previous

findings.
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Figure 5.11 — Main effects plot for ¢, and t,S in (a) Crystallizer 1, (b) Crystallizer 2, and (c) Crystallizer 3.
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5.4 Conclusion

This study shows that both operating and geometric parameters have a great influence on the mixing time in
planar-OFCs. It was found that the combination of high levels of frequency and amplitude reduces the mixing
time of both liquids and solids, but, under the same operating conditions, the mixing time is considerably higher
for solids than for liquids and the difference between the two phases is affected by the geometry of the channel,
particularly the ratio of the open constriction area. Therefore, the geometry of the channel should be carefully
chosen to ensure the mixing similarity between the liquid and solid phases, which might be particularly critical

for applications that involve the direct contact between the two phases, such as crystallization.

Notation
Acronyms (tkHm Mixing time for the liquid tracer obtained from the
OFC Oscillatory flow crystallizer model
PVC Polyvinyl chloride ts, Mixing time for the solid tracer
5, Average mixing time for the solid tracer
Latin symbols (t3)e Mixing time for the solid tracer obtained
Abs Absorbance experimentally
Acs Channel cross-sectional area &)™ Mixing time for the solid tracer obtained from the
b Slope model
c Intersection %4 Total volume
C Concentration of tracer Veen Volume of each inter-constriction cell
C, Concentration of tracer at infinite time Va/Veen Ratio of the volume displaced peak-to-peak in a
D Tube diameter in the straight section complete oscillation to the volume of each inter-
D, Tube diameter in the constriction constriction cell
D, Hydraulic diameter w Channel width in the straight section
f Frequency of oscillation w, Channel width in the constriction
F* F test parameter X Center-to-peak amplitude of oscillation
H Channel height y Experimental value
l Total length Vost Estimated value
L Distance between constrictions
Ly Constriction length Greek Letters
L, Straight section length Bo Average response for all observations
n, Optimal number of points for a linear regression B Average transformed response for all observations
P.g Channel cross-sectional wetted perimeter B, and B, Linear coefficients
R? Coefficient of determination B1 and B Linear coefficients for the transformed response
t Time B2 Two-way interaction coefficient
tm Mixing time Biz Two-way interaction coefficient for the
tk Mixing time for the liquid tracer transformed response
th Average mixing time for the liquid tracer 1 Wavelength
(tk)e Mixing time for the liquid tracer obtained

Experimentally
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Dimensionless Numbers

a = (Dy/D)? Ratio of the open constriction area for tubular-OFCs
a =Wy /W Ratio of the open constriction area for planar-OFCs
L/D Cell aspect ratio for tubular-OFCs

L/w Cell aspect ratio for planar-OFCs

Re, Oscillatory Reynolds number

St Strouhal number
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Chapter 6 - Axial Dispersion in Planar Oscillatory Flow

Crystallizers

This chapter is reproduced in part with permission from Cruz, P. C.; Silva, C. R.; Rocha, F. A.; Ferreira, A. M.
The Axial Dispersion of Liquid Solutions and Solid Suspensions in Planar Oscillatory Flow Crystallizers.
AIChE J. 2019, 65 (9), e16683. Copyright 2019 American Institute of Chemical Engineers.

https://aiche.onlinelibrary.wiley.com/doi/full/10.1002/aic.16683

6.1 Introduction

One of the major benefits of an oscillatory flow crystallizer (OFC) in comparison with other crystallizers is its
ability to operate with reduced axial dispersion and, consequently, narrow residence time distribution (RTDs),

which allows to produce crystals with narrow crystal size distributions (CSDs).*

Tracer experiments have been conducted to investigate the impact of operating conditions and geometric
parameters on the axial dispersion in OFCs. Two different methods have been employed: the perfect and the
imperfect pulse methods. The perfect pulse method consists in injecting a tracer into the crystallizer and then
measuring its concentration profile at one point downstream from the injection point; whereas the imperfect
pulse method consists in injecting a tracer into the crystallizer and then measuring its concentration profile at
two points downstream from the injection point.2 The parameters that characterize the axial dispersion are
obtained by fitting a suitable axial dispersion model to the experimental data. Several different models have
been used. Most works have used the plug flow with axial dispersion model, which describes the system as a
continuous path where a diffusion-like process is superimposed to the main flow. *¢ The axial mixing is
characterized by the axial dispersion coefficient, D, and the spread in the whole system is characterized by the
vessel dispersion number, D./(ul), where u is the average superficial flow velocity and [ is the length of the
tube. When D./(ul) — 0 the dispersion is negligible, hence plug flow. When D./(ul) — o there is large
dispersion, hence mixed flow. Other works have used a compartment type model, which describes the system
as a stage-wise process. An example is the stage-wise backmixing model which divides the system into a fixed
number of ideal stages and quantifies the deviation from perfect plug flow with an inter-stage backmixing
parameter, g.>!21""1% Another example is the tanks-in-series model which describes the system as a variable

number of ideal stirred tanks in series, N.520-25
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The effects of the oscillatory and net flow components on the axial dispersion have been investigated in a wide
variety of OFCs with different diameters, lengths, baffle types and geometries. The general conclusion is that
although the individual effects of the oscillatory and net flow components are reasonably similar across different
OFCs, the optimal operating conditions, which maximize the radial mixing and minimize the axial dispersion,

can be significantly different in different OFCs.

In this work, the axial dispersion was determined in three planar-OFCs with different geometries. The main
goal was to investigate the impact of the operating conditions and geometric parameters on the axial dispersion
of the liquid and solid phases in planar-OFCs. The axial dispersion was determined for a homogeneous system
using indigo carmine as a liquid tracer, and also for a heterogeneous system using particles of polyvinyl chloride
(PVC) as a solid tracer. In addition, the seeded continuous cooling crystallization of paracetamol from aqueous
solutions was used as a model system to assess the impact of the axial dispersion on the final crystal size
distribution (CSD).

6.2 Materials and Methods

6.2.1 Crystallizers

The axial dispersion was determined in three planar-OFCs with different geometries. The crystallizers were
operated horizontally. The dimensions of each planar-OFC including the channel width in the straight section,
W, the channel width in the constriction, W, the distance between constrictions, L, the constriction length, L,
the straight section length, L,, the channel height, H, the volume of each inter-constriction cell, V,,;;, the cell
aspect ratio, L/W, the ratio of the open constriction area, « = W, /W, the total volume, V, and the total length,

[, are presented in Chapter 4, Table 4.1.

6.2.2 Experimental Procedure

A stream of distilled water was continuously injected into the crystallizer by a peristaltic pump (BT300-2J,
Longer Pump) and the oscillation was activated. The oscillation was provided by a linear motor (HO1-
23x166/80, LinMot) actuating a piston with a 12.8 mm diameter. At time zero, a pulse tracer of 2 mL was
quickly injected at 30 cm downstream of the inlet in Crystallizer 1, and at 24.5 cm downstream of the inlet in
Crystallizers 2 and 3. A 0.4 g L't aqueous solution of indigo carmine was used as liquid tracer, and a 40% (w/w)
suspension of PVC particles with a mean diameter of 160 um was used as solid tracer, in separate experiments.
The concentration of tracer was measured in a flow through cell in the crystallizer outlet, at 3.11 m from the

injection point, by a spectrometer (SPEC RES+ UV/VIS-Sarspec). The calibration curves for the liquid and
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solid tracers are presented in Chapter 5, Section 5.2.3. This experimental procedure was repeated in the three

planar-OFCs. The experimental set-up is presented in Figure 6.1.

Water injection point Tracer injection point

S

Linear motor }

{

Measurement point

Figure 6.1 — Experimental set-up for the determination of the axial dispersion.

The axial dispersion was characterized at different flow rates, Q, frequencies of oscillation, f, and amplitudes
of oscillation, x,. The effect of x, was standardized as the ratio of the volume displaced in a complete peak-to-
peak oscillation to the volume of each inter-constriction cell, V;/V,.y;, to facilitate the comparison between
crystallizers. Each factor was studied at two levels: 16 and 109 mL min for Q, 3 and 6 Hz for f, and 0.6 and 1
for V;/V.e;- The range of operating conditions was chosen to guarantee the full suspension of the solids
(Chapter 4).

6.2.3 Design of Experiments

A full factorial experiment was designed in Minitab® to assess the effects of Q, f, and V;/V,.; on the axial
dispersion of the liquid and solid tracers. Each factor was studied at two levels. In coded units, the low level is
defined as —1 and the high level is defined as +1. Each combination of factors was tested in triplicate. This
design was augmented with five center points to test for the curvature of the response. The center points are set
halfway between the low and high levels of each factor with five replicates to estimate the error. When the
curvature was found not significant, a first order model was built for each response variable. When the curvature
was found significant, the design was augmented with axial points and turned into a face-centered composite
design, and a second order model was built for each response variable. The axial points are at the center of each

face of the factorial space. The factor space of this experimental design is presented in Figure 6.2.
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Figure 6.2 — Factor space for the determination of the axial dispersion.

The experimental conditions of each run are presented in Table 6.1. The net flow Reynolds number, Re, the
oscillatory Reynolds number, Re,, and the Strouhal number, St, that characterize each experimental condition
are also presented in Table 6.1. Re, Re, and St were calculated based on the hydraulic diameter, D;,, defined as:

ACS
D,=4—
h P, (6.1)

where A is the cross-sectional area of the channel and P, is the wetted perimeter of the cross-section.

Table 6.1 — Experimental conditions and respective dimensionless numbers in each run.

Crystallizer 1 Crystallizer 2 Crystallizer 3
Run Q@ (mLmin®) Re f(Hz) Vi/Veeu xo(mm) Re, St xo (MmM) Re, St xo (MmM) Re, St
1 16 40 3.0 0.6 6.2 723 0.08 9.2 1069 0.05 9.5 1101 0.05
2 109 281 3.0 0.6 6.2 723 0.08 9.2 1069 0.05 9.5 1101 0.05
3 16 40 6.0 0.6 6.2 1445 0.08 9.2 2139 0.05 9.5 2201 0.05
4 109 281 6.0 0.6 6.2 1445 0.08 9.2 2139 0.05 9.5 2201 0.05
5 16 40 3.0 1.0 104 1204 0.05 15.4 1782 0.03 15.8 1835 0.03
6 109 281 3.0 1.0 104 1204 0.05 15.4 1782 0.03 15.8 1835 0.03
7 16 40 6.0 1.0 104 2408 0.05 15.4 3565 0.03 15.8 3669 0.03
8 109 281 6.0 1.0 104 2408 0.05 15.4 3565 0.03 15.8 3669 0.03
9 62.5 160 45 0.8 8.3 1445 0.06 12.3 2139 0.04 12.7 2201 0.04
10 16 40 45 0.8 8.3 1445 0.06 - - - - - -
11 109 281 45 0.8 8.3 1445 0.06 - - - - - -
12 625 160 3.0 0.8 8.3 963 0.06 - - - - - -
13 625 160 6.0 0.8 8.3 1927 0.06 - - - - - -
14 625 160 45 0.6 6.2 1084 0.08 - - - - - -
15 625 160 45 1.0 104 1806 0.05 - - - - - -
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6.2.4 Continuous Crystallization Experiments

The seeded continuous cooling crystallization of paracetamol from aqueous solutions was used as model system
to study the impact of the axial dispersion on the final CSD. Paracetamol (CAS number 103-90-02, min. 99 %
purity) was supplied by Sigma-Aldrich, and ultrapure water was obtained from a Millipore ultrapure water

system.

A 17.40 g kg (g of paracetamol per kg of water) aqueous solution of paracetamol at 40 °C was continuously
injected at 60 mL min™ at the crystallizer inlet. Simultaneously, a 15.50 g kg? (g of seeds per kg of solution)
suspension of paracetamol seeds in an aqueous solution of paracetamol saturated at 15 °C was continuously
injected at 40 mL min™at 30 cm downstream of the inlet in Crystallizer 1, and at 24.5 cm downstream of the
inlet in Crystallizers 2 and 3. The oscillation conditions were set at f=6 Hz and V;/V,.;;=1. The crystallizer
was kept at 15 °C by a refrigerated bath (Ministat 125, Huber). The final product was collected at the crystallizer
outlet in a large volume of an aqueous solution of paracetamol saturated at room temperature. This avoided
crystal growth during size analysis. The particles were analyzed by a stereoscopic zoom microscope (SMZ1500,
Nikon) coupled to a video camera (DS-Ril, Nikon) and several images were taken before being processed by
an image analysis software.?6-?° The software classifies the particles as single crystals or agglomerates and
measures the equivalent diameter of each one. To ensure the sample statistical significance, the equivalent mean

diameter of at least 500 single crystals was obtained for each run.

6.3 Results and Discussion

6.3.1 Determination of the Axial Dispersion

The experimental RTD profiles obtained at the crystallizer outlet were converted into normalized RTD profiles,

E(0), where dimensionless time and length are considered. The dimensionless time, 6, is calculated as:

t
0 =-— 6.2
- (62)
where t is the time from the injection of tracer, and ¢ is the mean residence time, calculated as:
“tCdt
t= f"w— (6.3)
J, cdt

where C is the concentration of tracer.

The dimensionless length, z, is calculated as:
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X
7 (6.4)

7Z =

where x is the axial position, and [ is the length of the test section.

Then, the normalized RTD profiles were fitted to three different models: the plug flow with axial dispersion
model for small deviation from plug flow (Model 1 — Equation (6.5)), the plug flow with axial dispersion model
for large deviation from plug flow (Model 2 — Equation (6.6)), and the tanks-in-series-model (Model 3 —

Equation (6.7)):

1 —(1 - 6)2
E(6) = —=exp D¢ (6.5)
4nu—§ ul
£(0) 1 —(1-6)? (6.6)
= exp D
/4119% 49 u—f
N(NO)N~lexp(—NB) (6.7)
E@®) = (N —1)!

Figure 6.3 and Figure 6.4 show the quality of the fit of each model to the experimental data of two runs
performed in Crystallizer 1 with the liquid and the solid tracer, respectively. Figure 6.3 and Figure 6.4 helped
us to choose the best model to characterize the axial dispersion in each crystallizer. It was found that Model 3
gives the best fit to the experimental data of Run 1 and the worst fit to the experimental data of Run 2. On the
other hand, Models 1 and 2 give quite good fits to the experimental data of both runs. Runs 1 and 2 differ from
each other in terms of flow rate. Model 3 was excluded because it failed to describe the flow at high flow rates.
The choice between Models 1 and 2 was based on the coefficient of determination, R?, of each model to both

runs. Model 1 provided slightly higher R? and was therefore chosen to describe the flow of the remaining runs.

2.5 7.0
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Figure 6.3 — Normalized RTD profile with liquid tracer in Crystallizer 1 for (a) Run 1 and (b) Run 2.
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Figure 6.4 — Normalized RTD profile with solid tracer in Crystallizer 1 for (a) Run 1 and (b) Run 2.

The coefficient of determination of Model 1 was calculated for each run. The minimum and the maximum

coefficients of determination, RZ,;, and R2,., respectively, are presented in Table 6.2. The relatively high
values of R?, between 92.2% and 99.8%, speak for the quality of the fit of this model.

Table 6.2 — Minimum and maximum coefficients of determination of Model 1, and maximum deviation of

mean residence time to hydraulic time for each crystallizer.

Crystallizer 1 Crystallizer 2 Crystallizer 3
Liquid Tracer Solid Tracer Liquid Tracer Solid Tracer Liquid Tracer Solid Tracer
R2,;., (%) 96.0 96.4 96.8 96.5 95.8 92.2
RZ,.. (%) 99.5 99.8 99.6 99.5 99.8 99.7
8 omax (%) 3 10 4 11 6 12

The deviation, &, between the mean residence time, t, and the hydraulic time, T = [/u, was calculated for each
run as:

(%) = 100%

- ‘ (6.8)
T
The maximum deviation, &,,4, IS also presented in Table 6.2. &,,,, i relatively small in the three crystallizers
(3%<6,,4,<12%), which suggests that all the three crystallizers have small percentages of bypassing or stagnant
zones and close to plug flow behavior. These deviations are considerably smaller than those previously reported
in tubular-OFCs with both smooth periodic constrictions (SPC) and sharp edge periodic constrictions (SEPC).
For example, Reis et al.’® reported deviations in the order of 32.5% for a liquid tracer in a tubular-OFC with
SPC; Ejim et al.* reported deviations between 17% and 52% for a solid tracer in tubular-OFCs with SEPC and

SPC; Kacker et al.® reported deviations between 0% and 29% for a liquid tracer and between 14% and 28% for
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a solid tracer in a tubular-OFC with SEPC; in addition, Phan et al.?? reported deviations between 8.5% and 22%

for a liquid tracer in tubular-OFCs with integral, helical and central baffles.

The axial dispersion was characterized by the reciprocal of the vessel dispersion number, D,, = ul/Dc, for the
liquid tracer, DL, and for the solid tracer, D3, in each crystallizer. The results are presented in Table 6.3,

Table 6.4 and Table 6.5 for Crystallizers 1, 2 and 3, respectively.

Table 6.3 — Experimental conditions and results obtained in Crystallizer 1 with the liquid and the solid tracers.

Dg, Dy,
Run Q@ (mLminY) f (H2) Va/Veu 1 2 3 4 5 1 2 3 4 5
1 16 30 06 63 77 71 110 125 129
2 109 3.0 0.6 455 405 470 566 575 603
3 16 6.0 06 211 168 186 167 198 197
4 109 6.0 06 559 542 446 684 783 738
5 16 3.0 1.0 36 34 36 50 50 48
6 109 3.0 1.0 274 255 272 292 407 383
7 16 6.0 1.0 196 157 189 208 217 281
8 109 6.0 1.0 393 498 535 458 555 505
9 62.5 45 08 183 176 179 187 197 217 246 258 235 230
10 16 45 08 56 114
11 109 45 08 331 409
12 62.5 3.0 08 253 275
13 625 6.0 08 358 442
14 62.5 45 06 201 293
15 62.5 45 1.0 127 212

Table 6.4 — Experimental conditions and results obtained in Crystallizer 2 with the liquid and the solid tracers.

DGy D3
Run Q (ML min) f(Hz) Vg/Veen 1 2 3 4 5 1 2 3 4 5
1 16 3.0 0.6 66 89 66 84 95 107
2 109 3.0 0.6 283 322 316 250 278 360
3 16 6.0 0.6 104 170 111 113 138 117
4 109 6.0 0.6 409 369 371 432 425 408
5 16 3.0 1.0 45 58 36 59 46 45
6 109 3.0 1.0 232 269 227 223 210 213
7 16 6.0 1.0 95 108 107 72 66 57
8 109 6.0 1.0 260 305 244 256 289 226
9 62.5 45 0.8 208 222 207 196 167 227 203 228 226 162

94



Axial Dispersion in Planar Oscillatory Flow Crystallizers

Table 6.5 — Experimental conditions and results obtained in Crystallizer 3 with the liquid and the solid tracers.

Dg, Dy,
Run Q@ (mLminY) f (H2) Va/Veu 1 2 3 4 5 1 2 3 4 5
1 16 30 06 48 45 48 61 51 56
2 109 3.0 06 395 356 323 353 407 331
3 16 6.0 0.6 156 237 253 216 216 208
4 109 6.0 06 463 504 433 629 647 539
5 16 3.0 1.0 27 26 28 33 35 44
6 109 3.0 1.0 196 183 173 204 227 217
7 16 6.0 1.0 158 128 264 128 185 171
8 109 6.0 1.0 422 378 392 388 450 424
9 62.5 45 08 265 237 221 181 353 228 262 325 207 228

Figure 6.5 displays DL, and Figure 6.6 displays D3, as a function of f, V;/V,.;; and Q for the factorial and

center points in each crystallizer, respectively. In Figure 6.5 (a), the error bars represent the interval between

the minimum and maximum values of the three/five replicates. In the remaining plots the error bars are not

presented for the sake of clarity.
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6.3.2 Comparison of Axial Dispersion for the Liquid and Solid Tracers

Under identical conditions, the deviation between the mean residence time and the hydraulic time is slightly
larger for the solid tracer than for the liquid tracer, whereas the axial dispersion is slightly larger for the liquid
tracer than for the solid tracer. This was rather expected because the liquid tracer behaves as a microfluid,
whereas the solid tracer behaves as a macrofluid. This is because the molecules of the liquid tracer lose their
identity into the fluid, whereas the particles of the solid tracer retain their identity as distinct aggregates of
molecules.* In addition, the solid tracer seems to offer a greater resistance to flow than the liquid tracer due to
the difference of densities between the solid (~1.4 g cm™) and the liquid phases (~1.0 g cm). Similar results

were also reported by Ejim et al.* and Kacker et al.® in tubular-OFCs.

6.3.3 Effect of the Operating Conditions on the Axial Dispersion

Figure 6.5 and Figure 6.6 present the effects of Q, f and V,/V,.; on DL, and DS, in each crystallizer. In
general, DL, and DJ, increased as Q and f increased, and decreased as V,;/V,; increased in the three
crystallizers. This suggests that, in the range of operating conditions under study, increasing Q reduces the
physical backmixing®!’ and increasing f increases the radial mixing,'"*® which reduces the axial dispersion and,
consequently, increases D,,; whereas increasing V; /V,.;; increases the axial mixing,?? which increases the axial
dispersion and, consequently, decreases D,,.*® These results are in good agreement with previous works in
tubular-OFCs. For example, Zheng and Mackley® found that while the axial dispersion coefficient, D,., increases
as Q increases, the dimensionless dispersion number, D./(ul), (which is the reciprocal of D,,) decreases as Q
increases; this suggests that increasing Q increases more u than increases D,.. Similarly, Howes and Mackley,*’
Stonestreet and van Der Veeken,? Abbott et al.,?® and Kacker et al.® found that increasing Q reduces the axial
dispersion and amplifies the plug flow behavior. In addition, Reis et al.!® and Zheng and Mackley?® found that,
below f ~10 Hz, the axial dispersion decreases as f increases due to the increase of radial mixing, while, above
f =10 Hz, the axial dispersion increases as f increases due to the intensification of backmixing. Furthermore,
Dickens et al.,> Mackley and Ni,'° Reis et tal.® and Zheng and Mackley® found that, below x, ~1 mm, the
axial dispersion decreases as x,, increases, while, above x, =1 mm, the axial dispersion increases as x, increases
due to the increase of the mixing length. Therefore, considering that, in this work, f was well below 10 Hz, and
xo was well above 1 mm, our results seem to be in good agreement with those described in previous works.
However, it should be noted that some other works reported distinct results from those previously mentioned.
For example, in the case of Abbott et al.,?° the axial dispersion reached its minimum at x, =1.5-3 mm and
f£=1.00-1.75 Hz; in the case of Howes and Mackley,'” the axial dispersion reached its minimum at different
values of Re,, depending on both St and Re; in the case of Mackley and Ni,*° at fixed St, the axial dispersion
was found relatively independent of Re, and Re; and in the case of Palma and Giudici,* at x,=10-25 mm, the

axial dispersion increased as f increased from 0 to 5 Hz, whereas, at x,=5 mm, the axial dispersion was
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practically not affected by f. Such a variety of results suggest that the optimal operating conditions probably

depend on the geometry of the OFC, and thus should be assessed case by case.

6.3.4 Effect of the Geometric Parameters on the Axial Dispersion

Figure 6.5 and Figure 6.6 present the effects of L/W and « on DL, and D3,,.. The effect of L/W can be assessed
by comparison of D%, and D3, in Channels 1 and 3, which have the same « and different L /W, and the effect
of a can be assessed by comparison of D%, and D3, in Channels 2 and 3, which have the same L /W and different
a. In general, DL, and D3, increase as L/W decreases and a increases; interestingly, the difference between

DL, and D3, also increases as L/W decreases and a increases.

In a tubular-OFC, the cell aspect ratio is defined as L/D, where L is the distance between constrictions, and D
is the tube diameter in the straight section; and the ratio of the open constriction area is defined as « = (D,/D)?,
where D, the tube diameter in the constriction. Palma and Giudici® determined the axial dispersion in a tubular-
OFC with D=39.6 mm and L varying between 25, 50 and 100 mm, corresponding to L/D=0.63, 1.26 and 2.53,
respectively, and found that, in general, the axial dispersion decreased as L/D increased. Although this result
seems to be opposite to that reported in the present work, the difference in the range of L/D (or L/W) under
study in the two works should not be disregarded. More recently, Ejim et al.* determined the axial dispersion in
10 tubular-OFCs, 5 with SPC and 5 with SEPC. In the case of the tubes with SPC, whose geometry is the closest
to our crystallizers, the effect of L/D on the axial dispersion depended on a: at @=0.12, the axial dispersion
decreased as L/D increased, whereas, at «=0.25, the axial dispersion increased as L/D increased; similarly, the
effect of a on the axial dispersion depended on L/D: at L /D=1.5, the axial dispersion decreased as a increased,
whereas, at L/D=3.0, the axial dispersion increased as « increased. This great variety of results shows, once
again, the interdependence of the two geometrical parameters and highlights the importance of determining the

optimal operating conditions case by case.

6.3.5 Model Development

The experiments were performed according to a DoE approach. First, a full factorial design with five center
points was used to predict the effects of Q, f, and V;/V,.,; on D%, and D3,.. Each combination of factors was
tested in triplicate. A first order model was formulated to describe the relationship between the response, DL,

or D3, and the three factors, Q, f and V,;/V,.;;, in each crystallizer as follows:

Dgx(or D3y) = Bo + P1Q + Bof + BsVa/Veen + B12Qf + B13QVa/Veer + B2z fVa/Veen

6.9)
+ B123QfVa/Veen
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where B, is a constant, §;, B, and B3 are linear coefficients, B,,, B13 and B,3 are two-way interaction

coefficients, and B, ,3 is a three-way interaction coefficient.

The significance of each term of the model was determined by comparison of the p-value of each term to the
significance level of 5%. The p-value measures the evidence against the null hypothesis, which states that there
is no association between the term and the response. A backward stepwise elimination technique was applied
to select the significant terms, and to eliminate the insignificant terms from the model.

The center points were used to test for the curvature of the response. This test compares the mean response at
the center points to the expected response considering a linear relationship between the terms of the model and
the response. The p-value for curvature was then compared to the significance level of 5% to assess the null
hypothesis. The p-value measures the evidence against the null hypothesis, which states that all the relationships
between the factors and the response are linear. The response is said to have curvature when p-value<0.05.3 In
this study, the curvature of both responses D%, and D3, was only found significant in Crystallizer 1. In these
two cases, axial points were added to the design. Face-centered axial points were chosen to guarantee that the
PVC particles were fully suspended in the whole range of operating conditions under study. Thus, a second
order model was formulated to describe the relationship between the response, D%, or D3, and the three factors,

Q, fand V;/V ey, in Crystallizer 1 as follows:

Dgy(or D3y) = Bo + B1Q + Bof + B3Va/Veen + B11Q% + Bazf* + Bas(Va/Veen)?

(6.10)
+ B12Qf + B13QVa/Veeu + B23fVa/Veen

where B;1, B2, and S35 are square coefficients. Then, a backward stepwise elimination technique was applied
to select the significant terms, and to eliminate the insignificant terms from the model. The coded coefficients
and the coefficient of determination of each model are presented in Table 6.6. The quality of the fit of each

model to the experimental data is shown in Figure 6.7.

Table 6.6 — Coded coefficients and coefficient of determination of each model.

Crystallizer 1 Crystallizer 2 Crystallizer 3
Coefficient DL, DS, DL, DS, DL, DS,
Bo 182.0 246.0 195.31 193.58 237.69 257.61
B1 151.98 194.85 106.32 107.11 116.63 142.22
B 66.84 70.08 26.79 26.19 80.80 90.94
Bs -32.78 -57.78 -28.80 -43.59 -36.94 -50.34
B2z 92,5 101.9
Biz 15.57 20.62
B3 -21.79 -53.16 -15.76 -17.75 -23.91 -32.63
Ba2s 20.41 -12.09
B123
R? (%) 96.33 97.00 96.36 95.57 91.66 96.94
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Figure 6.7 — Comparison of D" and Da,® obtained from the model, (Da")™ and (Dax®)™, and obtained

experimentally, (Dax")® and (Dax)® in each crystallizer. L stands for liquid tracer and S stands for solid tracer.

The main effects plot is presented in Figure 6.8. The main effects plot displays the average response, D—,ﬁx and

D_,fx, for each level of Q, f, and V,;/V,.;;. Figure 6.8 shows that Q, f, and V,;/V,.;; have similar effects on DL,
and D3, in each crystallizer. In Crystallizer 1, Q has a linear positive effect, f has a quadratic effect with an
“U” shape, and V,;/V,.;; has a linear negative effect; in Crystallizers 2 and 3, Q and f have linear positive
effects, and V; /V,.;; has linear negative effects. This figure also shows that the main effect of Q is stronger than
the main effects of f and V,; /V,.;;, because the linear coefficient associated with of Q (8;) is significantly larger
than the linear coefficients associated with f (8,) and V; /V,.;; (B3). This is coherent with the previous findings.

In this study, different interactions were found significant for different models. Nevertheless, the interaction
between Q and V,; /V,.;; was always significant, and the most significant of all interactions because the p-value
for QV, / Ve, Was the lowest for all models. The interaction plot between Q and V,;/V,.,; for DL, in Crystallizer
1 is presented in Figure 6.9. Similar trends were obtained in the other crystallizers with both the liquid and the
solid tracers. The interaction plot displays one line for the mean response for each level of Q at V,;/V,.;;=0.6,
another line at V,;/V,.;=0.8, and another at V,;/V,.;=1.0. Figure 6.9 shows that the change in the mean
response from the low to the high level of Q depends on the level of V,; /V.;;, this effect being more pronounced
at Vy/V,e;=0.6, than at V,; /V,.;;=0.8 or V,;/V,.;;=1. Stonestreet and van Der Veeken?® had already suggested
that a specific interaction between the oscillatory and the net flow components exists, but their one-factor-at-a-

time approach could not quantify this effect. This was possible in this study thanks to the DoE approach.
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Figure 6.8 — Main effects plot for Da" and Da,’ in (a) Crystallizer 1, (b) Crystallizer 2, and (c) Crystallizer 3.
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Figure 6.9 — Interaction plot between Q and Va/Veen for Day- in Crystallizer 1.

6.3.6 Continuous Crystallization Experiments

As a consequence of their impact on the axial dispersion in planar-OFCs, the geometric parameters « and L/W
should also have an impact on the final CSD obtained from a continuous crystallization experiment. In this
work, the seeded continuous cooling crystallization of paracetamol from aqueous solutions was used as model
system to study this effect. The solutions were seeded to avoid spontaneous nucleation, which allowed to isolate

the effect of axial dispersion on crystal growth.

Table 6.7 presents the volume-based CSD parameters of the seeds and final products obtained in each
crystallizer, where d,,, is the volume-based mean crystal size, and d,, ds, and do, are the volume-based crystal
sizes corresponding to the 10", 50" and 90™ percentile of the cumulative CSD, respectively. The volume-based
CSDs, fi(d), are presented in Figure 6.10. It is interesting to note that the mode of the final CSD is similar in
crystallizers with the same a (Crystallizers 1 and 3), whereas the peak of frequency is similar in crystallizers
with the same L/W (Crystallizers 2 and 3). It is also interesting to note that the narrowest CSD was obtained in
Crystallizer 2, which has the smallest difference between D%, and D3, and not in Crystallizer 1, which has the
closest behavior to plug flow, with the highest values of D%, and D3, and the smallest &. This result suggests

that having similar axial dispersions in the liquid and the solid phases is crucial to obtain narrow CSDs.

Table 6.7 ~Volume-based CSD parameters of the seeds and final products obtained in each crystallizer.

Parameter Seeds Crystallizer 1 Crystallizer 2 Crystallizer 3
dyp (UM) 398 558 491 509
dyo (UM) 209 349 312 325
dso (Um) 475 671 570 620
dgp (UM) 851 1138 900 933
dgo — dq (UM) 641 788 587 608

101



Chapter 6

0.40
0.35 —<Seeds
Crystallizer 1
030 1 —a—Crystallizer 2
0.25 Crystallizer 3
S 0.20 |
<
0.15
0.10 4 \
0.05
0.00 3 ; S |
0 500 1000 1500 2000 2500

d (um)

Figure 6.10 — Volume-based CSD of the seeds and final products obtained in each crystallizer
(Q=100 mL mint, f=6 Hz, and V¢/Vceen=1).

6.4 Conclusion

RTD experiments with a liquid and a solid tracer were performed to evaluate the axial dispersion in three planar-
OFCs with different geometries. A DoE approach was developed so as to assess the effects of Q, f, and V;/Veen

on DL, and DZ,.in each crystallizer.

It was found that Q, f, and V,;/V,.; have similar main effects on DX, and D3, in the three crystallizers. In
Crystallizer 1, Q has a linear positive effect, f has a quadratic effect with an “U” shape, and V,;/V,.; has a
linear negative effect; in Crystallizers 2 and 3, Q and f have linear positive effects, and V;/V,,;; has linear
negative effects. It was also found that the interaction between Q and V; /V..;; is the most significant interaction
for both DL, and D3, in all the three crystallizers. The interaction plot shows that the effect of Q is more
pronounced at low levels of V;/V,.;. Therefore, in the range of operating conditions under study here, the
optimal operating conditions, which minimize the axial dispersion and maximize D, are high levels of Q and

f,and low levels of V3 /V_ ey

Furthermore, the highest values of D%, and DS, and the smallest value of § were obtained in Crystallizer 1,
whereas the most similar values of DL, and D3, were obtained in Crystallizer 2. Continuous crystallization
experiments showed that Crystallizer 2 provides the narrowest CSDs, which suggests that similar axial
dispersions in the liquid and solid phases is a key factor controlling the final CSD due to the migration of

molecules between the supersaturated solution and the growing crystals.

102



Axial Dispersion in Planar Oscillatory Flow Crystallizers

Notation

Acronyms
CSD

OFC

PVC

RTD
SEPC
SPC

Latin symbols
Acs

C

d

D

Do

D,

D,

dp,

dyg, dsgo and dgq

E(9)

fr(@

ernin
ernax
t

t

4
Vcell

Vd/Vcell

Crystal size distribution
Oscillatory flow crystallizer
Polyvinyl chloride

Residence time distribution
Sharp edge periodic constrictions

Smooth periodic constrictions

Channel cross-sectional area

Concentration of tracer

Crystal size

Tube diameter in the straight section

Tube diameter in the constriction

Axial dispersion coefficient

Hydraulic diameter

Volume-based mean crystal size
Volume-based crystal size corresponding to the 10,
50™ and 90" percentile of the cumulative CSD,
respectively

Normalized residence time distribution profile
Frequency of oscillation

Volume-based CSD

Inter-stage backmixing parameter

Channel height

Total length

Distance between constrictions

Constriction length

Straight section length

Number of ideal stirred tanks in series
Channel cross-sectional wetted perimeter
Flow rate

Coefficient of determination

Minimum coefficient of determination
Maximum coefficient of determination

Time

Mean residence time

Total volume

Volume of each inter-constriction cell

Ratio of the volume displaced in a complete peak-to-
peak oscillation to the volume of each inter-
constriction cell

Channel width in the straight section

Channel width in the constriction

Xo

Greek Letters
Bo

B1, B, and B;
Ba1, P22 and B3
B1z, P13 and By3

Bi23
9

57".(1)(

Axial position
Center-to-peak amplitude of oscillation

Dimensionless length

Average response for all observations

Linear coefficients

Square coefficients

Two-way interaction coefficients

Three-way interaction coefficient

Deviation between the mean residence time and the
hydraulic time

Maximum deviation between the mean residence
time and the hydraulic time

Dimensionless time

Hydraulic time

Dimensionless Numbers

a = (Dy/D)?
a =Wy /W
Dax

Dy

DEL.

(Dg°
D&)™
D3,

Dg,

(D3¢
D™
D./(ul)
L/D

L/w

Re

Re,
St

Ratio of the open constriction area for tubular-OFCs
Ratio of the open constriction area for planar-OFCs
Reciprocal of the vessel dispersion number
Reciprocal of the vessel dispersion number for the
liquid tracer

Average reciprocal of the vessel dispersion number
for the liquid tracer

Reciprocal of the vessel dispersion number for the
liquid tracer obtained experimentally

Reciprocal of the vessel dispersion number for the
liquid tracer obtained from the model

Reciprocal of the vessel dispersion number for the
solid tracer

Average reciprocal of the vessel dispersion number
for the solid tracer

Reciprocal of the vessel dispersion number for the
solid tracer obtained experimentally

Reciprocal of the vessel dispersion number for the
solid tracer obtained from the model

Vessel dispersion number

Cell aspect ratio for tubular-OFCs

Cell aspect ratio for planar-OFCs

Reynolds number

Oscillatory Reynolds number

Strouhal number
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Chapter 7 - Nucleation Kinetics in a Planar Oscillatory

Flow Crystallizer

Reproduced from Cruz, P. C.; Rocha, F. A.; Ferreira, A. M. Crystallization of Paracetamol from Aqueous
Solutions in a Planar Oscillatory Flow Crystallizer: Effect of the Oscillation Conditions on the Nucleation
Kinetics.CrystEngComm 2021, 23 (39), 6930-6941 with permission from the Royal Society of Chemistry.

https://pubs.rsc.org/en/content/articlelanding/2021/ce/d1ce00922b

7.1 Introduction

Crystallization is a complex phase transition process, which involves the separation of a solute from a
supersatured solution. This process is traditionally described as a sequence of two major steps. In the first step,
known as nucleation, a crystalline phase emerges in the form of nuclei, and in the second step, known as crystal
growth, the nuclei become larger crystals by subsequent deposition of solute.® Both nucleation and crystal
growth compete for the consumption of supersaturation, so the relative magnitudes of the two steps will have a
major impact on the properties of the final product, in particular the crystal size distribution (CSD).? Nucleation
sets the initial CSD at the beginning of unseeded batch crystallization processes or during the start-up of
continuous crystallization processes, which highlights the importance of being able to estimate the nucleation

kinetics under industrially relevant conditions.

The nucleation kinetics can be estimated by several methods.® Deterministic methods, based on the multi-nuclei
model, are usually employed to estimate the nucleation Kkinetics for large crystallizer volumes, when the
dispersion of the experimental results can be neglected. On the other hand, probability methods, based on the
single nucleus model, are usually employed to estimate the nucleation kinetics for small crystallizer volumes,
in order to capture the stochastic nature of nucleation. This latter category includes a variety of methods, some
performed under stagnant conditions, and others performed under agitated conditions. Methods based on
stagnant conditions, such as the droplet based, double-pulse and microfluidic methods, have been widely used
to verify the classical nucleation theory or develop new nucleation theories; but, methods based on agitated
conditions, such as the stirred small volume solution methods, reflect the industrial crystallization processes
more accurately due to the presence of stirring.**? However, even in this case, transferring the kinetic
parameters obtained at the laboratorial scale to the industrial scale is not necessarily straightforward because
both the induction time and the metastable zone width (MSZW) are volume-dependent.’®* What is more, the

geometry of the industrial crystallizer might also differ significantly from the traditional small stirred tank
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crystallizer from the laboratory in terms of aspect ratio, stirring mechanism, or even the presence/absence of

stirring.

The stirred tank crystallizer (STC) remains as the standard equipment for batch crystallization of active
pharmaceutical ingredients (APIs) and pharmaceutical intermediates from the first development stages to
manufacturing. However, in the last decades, the advent of continuous manufacturing in the pharmaceutical
industry has stimulated the development of new crystallizers specifically designed for continuous
crystallization.'® The oscillatory flow crystallizer (OFC) is one of the examples.'® OFCs have been widely used
for both batch and continuous crystallization,'® but only a few publications have explored the effect of the
operating conditions on the nucleation kinetics in OFCs. Two main types of experimental methods have been
employed:® polythermal methods, which are based on the determination of the MSZW as a function of the
cooling rate,’”2! and isothermal methods, which are based on the determination of the induction time as a

function of supersaturation.?? Additionally, population balance approaches have also been employed.202425

In this work, the isothermal batch crystallization of paracetamol from aqueous solutions in a planar-OFC was
used as a model system to explore the effect of the oscillation conditions on the nucleation kinetics. The planar-
OFC is a relatively new variant of OFCs where the traditional circular cross-section of conventional tubular-
OFCs is replaced by a rectangular cross-section.?® This design was developed to overcome the limitations of
tubular-OFCs, where several problems related to the suspension and flowability of solids are commonly
reported.?’% The detection time was measured for several combinations of frequency and amplitude of
oscillation and several replicates were performed for each experimental condition. Then, the nucleation rate was
obtained from the cumulative probability distribution of detection times. The nucleation rate was measured at
different supersaturations levels, and the classical nucleation theory was applied to estimate the kinetic and

thermodynamic parameters for nucleation.

7.1.1 Theoretical Background

Jiang and ter Horst’ proposed a stochastic model for the determination of the nucleation rate from the variation
in the detection time. This model is based on the single nucleus mechanism (which postulates the loss of
metastability due to the nucleation of a single nucleus, followed by the growth of this single nucleus to a
particular size, the formation of crystal fragments due to secondary nucleation of the same single crystal, and
finally the growth of the crystal fragments), and on the assumption that the appearance of a nucleus in a
supersaturated solution is a random process independent of the appearance of other nuclei in the same volume.
This model was previously employed to determine the nucleation rates of m-aminobenzoic acid,” (-histidine,’
isonicotinamide,® p-aminobenzoic acid,® benzoic acid,® risperidone,’® racemic diprophylline,* salicylic acid,

and salicylamide.'? In addition, a similar model, based on the variation in the MSZW, was previously employed
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to measure the nucleation rates of paracetamol,® isonicotinamide,>® and salicylic acid.!* The mathematical

description of Jiang and ter Horst’s model is presented below.

The appearance of a nucleus is generally perceived as a random event. When the appearance of a nucleus is
independent of the appearance of other nuclei in the same volume, the probability of finding m nuclei within a
time interval, B, at constant supersaturation, S, and temperature, T, can be described by the Poisson
distribution® as:

m

N
Pn(t) = —exp[—=N(t)] (7.1)

where N(t) is the average number of nuclei formed in the time interval t. Therefore, the probability of finding
no nuclei within the time interval, Py, and the probability of finding at least 1 nucleus within the time interval,

P-4, can be calculated as:
Po(t) = exp[-N(0)] 72

le(t) =1- PO(t) =1- exp[—N(t)] (73)

The average number of nuclei formed in the time interval, N(t), depends on the volume, V, and the nucleation

rate, /, as:

N(t) = JVt 7.4)

Hence, Equation (7.3) becomes:

P(t) =1 —exp(—JVt) (1.5)

However, there is a time delay between the onset of nucleation and its detection. If this time delay, also known

as growth time, is equal for all detections, then Equation (7.5) becomes:
P(tq) =1 —exp[—JV(tq — t,)] (1.6)

where t is the detection time and ¢, is the growth time. Equation (7.6) describes the variation in the detection
time measured under constant supersaturation, temperature and volume. The probability distribution of
detection times is experimentally accessible from a large number of detection time measurements performed at
constant supersaturation, temperature and volume. The experimental probability can be calculated as:

M*(tq)
M

P(ty) = (7.7)
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where M*(t) is the number of experiments in which nucleation occurred at time t; and M is the total number
of experiments. Then, Equation (7.6) can be linearized and fitted to the experimental data in order to obtain J

and t, from the slope and the intercept, respectively.

After measuring the nucleation rate at different supersaturations, the classical nucleation theory®! can be applied

to express the nucleation rate as a function of supersaturation ratio, S, as:

J = ASexp (%) (7.8)

where the pre-exponential factor A represents the kinetic parameter, and the exponential factor B represents the
thermodynamic parameter. Then, equation (7.8) can be linearized and fitted to the experimental data in order to

obtain A and B from the intercept and the slope, respectively.

7.2 Materials and Methods

7.2.1 Material

Paracetamol (CAS number 103-90-02, min. 99% purity) was supplied by Sigma-Aldrich and ultrapure water

was obtained from a Millipore ultrapure water system.

7.2.2 Crystallizer

A schematic representation of the planar-OFC is presented in Figure 7.1. The planar-OFC consists of a plate-
like crystallizer with three stacked plates screwed together: two polycarbonate plates, one at the base and one
at the top, and one aluminum plate coated with Halar® (ethylene-chlorotrifluoroethylene copolymer, ECTFE)
in the middle — Figure 7.1 (a). The crystallization process takes place in a channel designed with smooth
periodic constrictions located between the middle and top plates, and the water of a cooling/heating jacket
circulates in a straight channel located between the base and middle plates. The two channels were carved in
the middle plate; the top plate seals the crystallization channel and the base plate seals the jacket channel. The
crystallization channel has 6 access points (one main inlet, one main outlet and four intermediate inlets/outlets)
and comprises a volume of approximately 71 mL (operational volume). The dimensions of each inter-

constriction cell are presented in Figure 7.1 (b).
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Figure 7.1 — Plate-like planar-OFC. (a) Three stacked plates. (b) Dimensions of each inter-constriction cell.

Two separate circuits of cooling/heating water were connected to the planar-OFC: cold water thermostated at
5 °C by a cooling bath (Ministat 125, Huber), and hot water thermostated at 55 °C by a heating bath (Ministat

125, Huber). Each circuit was controlled by two 3-way valves.

7.2.3 Experimental Procedure

The experimental set-up is presented in Figure 7.2. Five aqueous solutions of paracetamol with different
concentrations (19.17, 20.45, 22.37, 24.28 and 25.56 g of paracetamol/kg of water), corresponding to five
supersaturation levels (1.50, 1.60, 1.75, 1.90 and 2.00, corresponding to the saturation temperatures of 34, 36,
39, 42 and 43 °C, respectively) were prepared by dissolving an appropriate amount of paracetamol (3.83, 4.09,
4.47, 4.86 and 5.11 g, respectively) in 200 g of ultrapure water in a 250 mL flask. The solutions were stirred at
200 rpm and kept at 55 °C on a hotplate stirrer for 1 hour. Initially, the circuit of hot water was opened and the
circuit of cold water was closed. The hot water was circulated in the jacket channel to keep the crystallization
channel at 45.0+0.5 °C. The aqueous solution of paracetamol was pumped from the flask into the crystallization
channel by a peristaltic pump (BT300-2J, Longer Pump) and recirculated back to the flask to eliminate the air
bubbles. When the crystallization channel was completely free from air bubbles, the recirculation was stopped.
Then, the circuit of hot water was closed and the circuit of cold water was opened. The cold water was circulated
in the jacket channel to reduce the temperature in the crystallization channel. The concentration of paracetamol
in the mother liquor was measured at 247 nm by an attenuated total reflectance (ATR) immersion probe (Katana
6, Hellma) connected to an UV/Vis spectrometer (SPEC RES+ UV/VIS-Sarspec), which was placed at the first
intermediate inlet of the crystallizer, and the temperature of the mother liquor was recorded by a Pt100
thermometer (HD 9214, Delta OHM), which was placed at the third intermediate inlet of the crystallizer. When
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the temperature in the crystallization channel reached 25 °C, the circuit of cold water was closed, and then, the
temperature in the crystallization channel was allowed to further decrease to 20.0+0.5 °C. When the temperature
in the crystallization channel finally reached 20.0£0.5 °C, the oscillation was activated at a predefined
frequency, f, and amplitude of oscillation, x,. The oscillation was provided by a linear motor (H01-23x166/80,
LinMot) actuating a piston with a diameter of 10.3 mm. The onset of nucleation was detected due to the sudden
drop in the concentration of paracetamol in the mother liqguor measured by the ATR-UV/Vis probe. The results
obtained from the ATR-UV/Vis probe matched quite well the detection of the first crystals by naked eye
observation. Shortly after the onset of nucleation, the circuit of hot water was opened and the suspension was
recirculated in the crystallization channel. When all the crystals were dissolved, the solution was kept in
recirculation for more 30 min at 45.0+0.5 °C. After that, a new experiment was started. Each experimental
condition was replicated 14 more times, totalizing 15 runs for each experimental condition. Finally, the
nucleation rate was calculated as described in the previous section. This set of experiments was then repeated
for the other four supersaturation levels, and both the kinetic and thermodynamic parameters were estimated as
described in the previous section. Finally, the kinetic and the thermodynamic parameters were obtained for

different combinations of frequency and amplitude of oscillation.

[ o ]
@ [ “old water
O\ % ®
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Figure 7.2 — Experimental set-up for the determination of the nucleation kinetics. A — aqueous solution of
paracetamol; B — hotplate stirrer; C — peristaltic pump; D — planar-OFC; E — linear motor; F — heating bath; G
— cooling bath; H — ATR-UV/Vis immersion probe; | — Pt100 thermometer.
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7.2.4 Design of Experiments

A full factorial design with two center points was created in Minitab® to investigate the effects of the frequency
and amplitude of oscillation on the kinetic and thermodynamic parameters of nucleation. Each factor was tested
at two levels: 3 and 6 Hz for the frequency, and 6 and 12 mm (center-to-peak in the straight section) for the
amplitude. The center points were set halfway between the low and high levels of each factor, in this case
f =4.5 Hz and x,=9 mm. Then, an extra experimental condition, in this case f =4 Hz and x,=10 mm, was
tested. In total, 525 single detection time experiments were performed (4 factorial points, plus 2 center points
and 1 test point equals 7 experimental conditions; each experimental condition was tested at 5 supersaturation

levels; each supersaturation level was replicated 15 times; totalizes 7x5x15=525 experiments).

7.3 Results and Discussion

7.3.1 Determination of the Detection Time

In this work, the onset of nucleation was detected by ATR-UV/Vis spectroscopy. ATR probes had already been
used to detect the onset of nucleation in many previous works.®2-* In most works, the detection time measured
by the ATR probe was similar to the detection time measured by naked eye observation®3* or alternative
technologies, such as focused beam reflectance measurement (FBRM),*¥3 in situ video imaging (invasive),*
bulk video imaging (noninvasive),®” and turbidity measurements.*®*° Figure 7.3 illustrates how the detection
time was obtained from the experimental data. The detection time is the time interval between the achievement
of constant supersaturation and the detection of the onset of nucleation. In this work, the supersaturation became
constant when the temperature of the mother liquor reached 20.0+0.5 °C, represented as t, in Figure 7.3, and
the onset of nucleation was detected as a sudden drop in the concentration of paracetamol, represented as t; in
Figure 7.3. Therefore, the detection time is the time interval between t, and t,. This procedure was replicated
15 times for each supersaturation level, for all the four possible combinations of frequency and amplitude of

oscillation of a two-level full factorial design with two factors (22).
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Figure 7.3 — Evolution of the temperature and absorbance over time. to is the moment when the temperature
reaches 20.0+0.5 °C, and tq is the moment when the ATR-UV/Vis probe detects a sudden drop in the
concentration of paracetamol, corresponding to the onset of nucleation.

7.3.2 Effect of the Oscillation Conditions on the Detection Time

Figure 7.4 presents de mean detection time, t, as a function of supersaturation for each experimental condition.
The error bars display the dispersion of detection times between the minimum and maximum detection times of

15 replicates.

500

450 1
400
350 1
300 1

&/=3 Hz xy=6 mm

E~6 Hz x;=6 mm
/~3Hz x;=12 mm

m/~6 Hz xy=12 mm

<250 -
200 -
150 -
100 -
50 |

Figure 7.4 — Mean detection time as a function of supersaturation for each experimental condition.

Figure 7.4 shows that the dispersion of detection times between replicates is significant. This result suggests
that a deterministic approach based on a single measurement of the detection time could potentially lead to

ambiguous conclusions. The dispersion of detection times is due to the stochastic nature of nucleation, which is
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coherent with the assumption of a single nucleus mechanism. Actually, Kadam et al.? had already reported that

paracetamol crystallizes from water through a single nucleus mechanism.

The mean detection time and the dispersion of detection times are related to the nucleation rate. This is because
the probability that nucleation occurs within a certain time interval increases as the nucleation rate increases.*
Figure 7.4 shows that both the mean detection time and the dispersion of detection times decrease as the
amplitude increases from x,=6 mm to x,=12 mm at both f=6 Hz and f=12 Hz. Similarly, both the mean
detection time and the dispersion of detection times decrease as the frequency increases from f=6 Hz to f=12 Hz
at x,=12 mm. On the other hand, while the mean detection time is very similar for f=3 Hz and f=6 Hz at
Xo=6 mm, the dispersion of detection times is considerably larger for f=6 Hz. In addition, Figure 7.4 also shows
that the amplitude seems to have a stronger effect on the detection time than the frequency, particularly at lower
supersaturations. Therefore, the nucleation rate should be the highest with f=6 Hz and x,=12 mm, followed by

f=3 Hz and x,=12 mm, f=3 Hz and x,=6 mm, and, finally, f=6 Hz and x,=6 mm.

Figure 7.5 presents the probability distributions of detection times for each experimental condition. The results
presented in this figure corroborate the previous observations regarding the effect of the frequency and

amplitude on the detection time and dispersion of detection times.
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Figure 7.5 — Probability distribution of detection times at (a) f=3 Hz and x,=6 mm; (b) f=6 Hz and X,=6 mm;
(c) f=3 Hz and xo=12 mm; (d) f=6 Hz and xo=12 mm.
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7.3.3 Effect of the Oscillation Conditions on the Growth Time

Equation (7.6) was linearized and fitted to the experimental data presented in Figure 7.5 to get an estimate of
ty and J. Figure 7.6 (a) presents the growth time, ¢ 4, as a function of supersaturation for each experimental
condition. This figure shows that the growth time decreases as both the frequency and the amplitude increase.
In addition, it also shows that the growth time decreases as the supersaturation increases. The growth time
accounts for the time needed for the first single nucleus to grow to a particular size, the time needed for the first
single crystal undergo secondary nucleation, and the time needed for the secondary nuclei to grow until a
significant decrease in the concentration of paracetamol is detected.” In a previous work, we have found that
attrition is one of the main sources of secondary nuclei in an OFC.*° Therefore, on the one hand, since the
growth rate increases as the supersaturation increases, increasing the supersaturation decreases the time needed
for the single nucleus to grow to its attrition size and the time needed for the attrition fragments to grow until a
significant decrease in the concentration of paracetamol is detected; on the other hand, since the attrition rate
increases as the oscillation intensity increases, increasing the frequency or the amplitude of oscillation decreases

the time needed for the first single crystal undergo attrition.
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Figure 7.6 — Growth time as a function of supersaturation for each experimental condition.

7.3.4 Effect of the Oscillation Conditions on the Nucleation Rate

In Figure 7.7, J is plotted as function of S, and In(J /S) is plotted as a function of 1/In? S for each experimental
condition. The kinetic parameter A and the thermodynamic parameter B were estimated from the intercept and

the slope of In(J/S) vs 1/In? S, respectively. The results are presented in Table 7.1.

116



Nucleation Kinetics in a Planar Oscillatory Flow Crystallizer

8000
7000
6000
2~ 5000
4000
= 3000

2000

1000

(b)

4 =3 Hz x,=6 mm
=3 Hz x,=12 mm

1/Ln? S

+ /=6 Hz x,=6 mm
*® /=6 Hz x,=12 mm

Figure 7.7 — (a) J as a function of S and (b) In(J/S) as a function of 1/Ln? S for each experimental condition.

The oscillatory Reynolds number, Re,, and the Strouhal number, St, that characterize each experimental

condition are also presented in Table 7.1. Re, and St were calculated based on the hydraulic diameter, Dy,

defined as:
ACS
D,=4—
=4 (7.9)
where A is the cross-sectional area of the channel and P, is the wetted perimeter of the cross-section.
Table 7.1 — Results obtained from the experimental data for each experimental condition.
f (H2) xo (Mm) Re, St A (m3s?) B Yer (MI M) ")
3 6 696 0.08 1448 035 332 012
Factorial 6 6 1392 0.08 241 0.8 2.66 0.09
points 3 12 1392 0.04 1566 0.16 256 0.09
6 12 2784 0.04 3776 0.06 1.85 0.06
45 9 1566 0.05 1843 018 266 0.09
Center points
45 9 1566 0.05 1985 0.19 271 0.09
Test point 4 10 1547 0.05 1662 0.20 276 0.10
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7.3.5 Effect of the Oscillation Conditions on the Kinetic Parameter

Theoretical estimations of the kinetic parameter, 4, are in the order of 103 m= s?, plus or minus a few orders
of magnitude, for homogeneous nucleation, and 10°-10%° m= s for heterogeneous nucleation.** Although the
values of A that were obtained in this work (241-3776 m= s1) are very low in comparison to theoretical
estimations, Kadam et al.> have reported similar values (1000-2900 m™ s?) for the cooling crystallization of
paracetamol from aqueous solutions. These low values of A suggest that heterogeneous nucleation should be
the dominant nucleation mechanism in this work. The pre-exponential term from equation (7.8), AS, depends
on the Zeldovich factor, z, which accounts for the probability of clusters that are larger than the critical nucleus
size to dissolve rather than grow, the attachment frequency, f*, and the concentration of active nucleation sites,
Cy, as defined by:

AS = zf"Co (71.10)

Therefore, since z is expected to remain constant, either a low attachment frequency or a low concentration of
active nucleation sites (heterogeneous particles) could explain the low values of A that were obtained in this

work.

The combination of high levels of frequency and amplitude (f=6 Hz and x,=12 mm) generated the highest A
(3776 m3s1). This was rather anticipated as higher mixing intensities are expected to provide higher attachment
frequencies and also lower energy barriers for diffusion or desolvation.? However, the combination of low
levels of frequency and amplitude (f=3 Hz and x,=6 mm) did not generate the lowest A. The lowest A
(241 m?st) was generated by the combination of a high level of frequency and a low level of amplitude (f=6 Hz
and x,=6 mm). This result follows the results previously reported for the effect of the oscillation conditions on
the suspension of solids (Chapter 4). When high levels of frequency are combined with low levels of amplitude
two distinct zones are created in the crystallizer: one zone with high mixing intensity close to the constrictions,
and another zone with very low mixing intensity in the center of the straight section. Visual inspection of this
phenomenon showed that with such combinations of frequency and amplitude the vortices do not have time to
distort and expand before the direction of the flow is reversed, which creates stagnant zones. This seems to
explain the results obtained in this work: the formation of stagnant zones decreased the overall mixing intensity
in the crystallizer, which resulted in lower values of A. Interestingly, the combination of a high level of
frequency and a low level of amplitude (f=6 Hz and x,=6 mm) and the combination of a low level of frequency
and a high level of amplitude (f=3 Hz and x,=12 mm), which are characterized by the same Re,, generated
distinct values of A (241 and 1566 m= s?, respectively), which suggests that the effects of the frequency and

amplitude should be assessed individually, and not condensed as Re,,.
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7.3.6 Effect of the Oscillation Conditions on the Thermodynamic Parameter

The thermodynamic parameter, B, accounts for the free energy barrier for the formation of the new phase and

is expressed as:

4 c3v2ye3f
T 27 k3T3

(7.11)

where c is the shape factor (c = (36m)/3 for spheres), v is the molecular volume of the crystalline phase
(1.94x10% m? for paracetamol®), y, is the effective interfacial energy for heterogeneous nucleation, k is the
Boltzmann constant (1.38x102% J K1) and T is the temperature in K (in this case 293.15 K). The effective
interfacial energy for heterogeneous nucleation was estimated from Equation (7.11) using the obtained values
of B. The results are presented in Table 7.1. The effective interfacial energies obtained in this work (1.85-
3.32 mJ m?) agree reasonably well with the value previously reported by Omar et al.*® for the solid-liquid

interfacial energy of paracetamol in water (2.91+1.17 mJ m?).

The effective interfacial energy for heterogeneous nucleation, y., is related to the theoretical interfacial energy

for homogeneous nucleation, y, by the activity factor, ¢, as defined by:

P =" (7.12)

where 0 < ¢ < 1. The activity factor accounts for the reducing effect of heterogeneous particles on the
interfacial energy between the solid and the liquid, as compared to homogeneous nucleation. The theoretical
interfacial energy for homogeneous nucleation was calculated using Mersmann’s equation,** which establishes
a relation between solubility and the interfacial energy, with a corrected shape factor of 0.514 for spherical

nuclei,® as defined by:

1 1

where N, is the Avogadro constant (6.023x10% mol™) and C* is the molar solubility (85 mol m= in the case of
an aqueous solution of paracetamol at 20 °C). A theoretical interfacial energy for homogenous nucleation of
¥=29 mJ m2 was obtained. Then, the activity factor was calculated from Equation (7.12). The results are
presented in Table 7.1. The low values of y,f (1.85-3.32 mJ m*) as compared to y (29 mJ m?), which resulted
in low values of ¢ (0.06-0.12), confirm that heterogeneous nucleation should be the dominant mechanism in

this work.

The combination of high levels of frequency and amplitude (f=6 Hz and x,=12 mm) generated the lowest B
(0.06), whereas the combination of low levels of frequency and amplitude (f=3 Hz and x,=6 mm) generated
the highest B (0.35). The other two combinations generated intermediate values of B (0.16 and 0.18). From a

theoretical point of view, B should be independent of the oscillation conditions, so, the variation between
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different combinations of frequency and amplitude should be due to errors associated to the determination of
the nucleation rate. A possible source of errors is the assumption that ¢, is equal in all replicates. This is because
besides crystal growth, which is essentially deterministic, t, also covers secondary nucleation, which is not
deterministic. Therefore, assuming that ¢, is equal in all replicates might have introduced errors into the

estimation of the nucleation rate, the extent of which depends on the impact of each combination of frequency

and amplitude on the probability of secondary nucleation for each supersaturation level.

7.3.7 Model development

A model was developed to predict the value of the kinetic parameter as a function of the frequency and amplitude
of oscillation. A similar model was not developed for the thermodynamic parameter as it should be independent
of the oscillation conditions. A first order model was formulated to describe the relationship between the
response, A, and the two factors, f and x,. The terms of a first order model are either linear or an interaction
between factors and have an associated coefficient that delivers the best fit between the model and the

experimental data, as described by:
A = Bo+ Bif + Baxo + P12fXo (7.14)

where 3, is a constant, $; and 3, are linear coefficients, and 3, is an interaction coefficient. Table 7.2 presents
the coefficients and the coefficient of determination, R?, and Figure 7.8 shows the quality of the fit of the model

to the experimental data.

Table 7.2 — Coefficients and coefficient of determination.

Bo (M*s?) B1 (m?) B, (m?®s* mm™) B1z (M3 s mm?) R?

6006 -1541 -549.8 189.8 99.35
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Figure 7.8 — Comparison of 4 obtained from the model, A", and obtained experimentally, A°.

The two-level full factorial design was augmented with two center points to test for the curvature of the response.
The results obtained for the center points are presented in Table 7.1. The curvature is considered significant
when the p-value for curvature is less than or equal to a suitable significance level, typically 5 %. The p-value
for curvature measures the evidence against the null hypothesis, which states that all the relationships between
the factors and the response are linear.*® In this work, a p-value for curvature of p-value=0.323 was obtained.
This value is extremely high, and well above the typical significance level of 5%, which suggests that there is

no evidence of curvature.

The main effects plot is presented in Figure 7.9. The main effects plot displays the average response, A, for
each level of frequency and amplitude. Figure 7.9 shows that A increases as both the frequency and the
amplitude increase. It also shows that the main effect of the amplitude is clearly stronger than the main effect

of the frequency.

2000 1 /

A(m3st)
S

30 6.0 6 12
S (Hz) X, (mm)

Figure 7.9 — Main effects plot for A.

121



Chapter 7

The interaction plot is presented in Figure 7.10. The interaction plot displays one line for the mean response
for each level of frequency at x,=6 mm, and another line at x,=12 mm. Figure 7.10 shows that the interaction
between the frequency and the amplitude is represented by non-parallel lines, which suggests a strong

interaction between the two factors.
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Figure 7.10 — Interaction plot between f and x, for A.

The contour plot is presented in Figure 7.11. The contour plot displays a two-dimensional map in which points
with the same response are connected by contour lines. Figure 7.11 shows that, when high frequencies are
combined with high amplitudes, high values of A are generated, which results in high nucleation rates.
Therefore, these oscillation conditions should be preferred to produce a large number of small crystals. Figure
7.11 also shows that, when high frequencies are combined with low amplitudes, low values of A are generated,
which results in low nucleation rates. Therefore, these oscillation conditions should be preferred to produce a
small number of large crystals. Nevertheless, such combinations of frequency and amplitude can result in the
formation of poor mixing zones and lead to fouling, or even clogging, in the crystallizer, which should be
avoided. Therefore, to avoid these problems and still generate low nucleation rates, low amplitudes should be

combined with slightly lower frequencies (f<5 Hz).
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Figure 7.11 — Contour plot.

One additional experimental condition, in this case f=4 Hz and x,=10 mm, was tested in order to access the
capability of the model to predict A for a given combination of frequency and amplitude. The results obtained
for the test point are presented in Table 7.1. Table 7.3 presents the prediction, the prediction interval, and the
experimental result for the test point. The prediction interval represents a range of likely values for a single new
observation. The experimental result is contained within the prediction interval of the model, which confirms

its validity.
Table 7.3 — Prediction, prediction interval and experimental result for the test point.
f (Hz) xo (mm) Prediction (m3s?) 95% Prediction interval (m3 s?) Experimental result (m3s?)
4 10 1935.75 (1240.37; 2631.13) 1662

7.4 Conclusion

The isothermal method was employed to study the effect of the oscillation conditions on the nucleation kinetics
for the isothermal batch crystallization of paracetamol from aqueous solutions in a planar-OFC. As anticipated,
it was found that the oscillation conditions have a significant impact on the nucleation rate. This impact is
essentiality due to the effect of the oscillation conditions on the kinetic parameter, A, which is related to the
attachment frequency, and not so much due to their effect on the thermodynamic parameter, B, which, by
definition, should be independent of the oscillation conditions. It was also found that A increases as the
amplitude increases at both low and high frequencies. A also increases as the frequency increases at high

amplitudes, but it decreases at low amplitudes. These results enabled the identification of optimal oscillation
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conditions according to the desired final product properties. On the one hand, when a large number of small
crystals are desired, high frequencies should be combined with high amplitudes to generate high nucleation

rates. On the other hand, when a small number of large crystals are desired, intermediate to high frequencies

should be combined with low amplitudes to generate low nucleation rates.

Notation
Acronyms P, Probability of finding no nuclei within a time
API Active pharmaceutical ingredient interval
ATR Attenuated total reflectance P, Probability of finding at least 1 nucleus within a
CSD Crystal size distribution time interval
ECTFE Ethylene-chlorotrifluoroethylene copolymer P, Probability of finding m nuclei within a time
FBRM Focused beam reflectance measurement interval
MSzw Metastable zone width P(t) Probability distribution of detection times
OFC Oscillatory flow crystallizer R? Coefficient of determination
STC Stirred tank crystallizer S Supersaturation ratio
t Time
Latin symbols to Time when the temperature of the mother liquor
A Nucleation kinetic parameter reached 20.0+0.5 °C
A Average nucleation Kinetic parameter t, Detection time
A¢ Nucleation kinetic parameter obtained ¢ Growth time
9

experimentally tq Mean detection time
A™ Nucleation kinetic parameter obtained from the T Temperature

model v Molecular volume of the crystalline phase
A Channel cross-sectional area Volume
B Nucleation thermodynamic parameter Xo Center-to-peak amplitude of oscillation
¢ Shape factor z Zeldovich factor
c* Molar solubility
Co Concentration of active nucleation sites Greek Letters
D, Hydraulic diameter Bo Average response for all observations
f Frequency of oscillation B, and B, Linear coefficients
f Attachment frequency B1z Two-way interaction coefficient
J Nucleation rate % Theoretical interfacial energy for homogeneous
k Boltzmann constant nucleation
m Number of nuclei Yer Effective interfacial energy for heterogeneous
M Total number of experiments nucleation

" . . . .

M*(t) Number of experiments in which nucleation P Activity factor

occurred at time ¢t
Ne Avogadro constant Dimensionless Numbers
N(t) Average number of nuclei formed in the time Re Oscillatory Reynolds number

o

interval ¢ St Strouhal number

P Channel cross-sectional wetted perimeter
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Chapter 8 - Crystal Growth Kinetics in a Planar

Oscillatory Flow Crystallizer

Reproduced from Cruz, P. C.; Rocha, F. A.; Ferreira, A. M. Crystallization of Paracetamol from Mixtures of
Ethanol and Water in a Planar Oscillatory Flow Crystallizer: Effect of the Oscillation Conditions on the Crystal
Growth Kinetics. CrystEngComm 2021, Advance Article, DOI: 10.1039/D1CE00858G with permission from
the Royal Society of Chemistry.

https://pubs.rsc.org/en/Content/ArticleLanding/2021/CE/D1CE00858G

8.1 Introduction

Crystallization is an important separation and purification process in the manufacturing of pharmaceuticals and
other fine and specialty chemicals because it defines the final product properties, including purity,
polymorphism, morphology, size and crystal size distribution (CSD).! The crystallization process starts with the
birth of a new crystalline phase. This first stage, known as nucleation, occurs when the solute molecules in a
supersaturated solution aggregate into stable clusters or nuclei. Then, the crystallization process proceeds as the
nuclei become larger crystals by subsequent deposition of solute. This second stage, known as crystal growth,
occurs by diffusion of solute molecules from the bulk through the boundary layer to the crystal surface, followed
by surface integration into the crystal surface. The relative magnitudes of nucleation and crystal growth
determine the number and size of the crystals in the final product, which directly impacts the final products
properties, particularly the CSD.? Therefore, the design and operation of industrial crystallization processes can

benefit from knowing the nucleation and crystal growth Kinetics.

Two types of experimental methods to measure crystal growth rates have been employed: direct methods, based
on the direct measurement of the change in mass or size of a crystal, and indirect methods, based on the
measurement of the concentration profile. The two most common methods are the single-crystal experiments, a
direct method, and the seeded desupersaturation experiments, an indirect method.? Single-crystal experiments
focus on individual face growth rates and are usually conducted in growth cells under the microscope. These
experiments are beneficial to investigate crystal growth mechanisms. However, information extracted from such
experiments might not be used in the direct design and operation of industrial crystallization processes. This is
because, first, it is difficult to obtain statistically significant data from the limited number of crystals examined,
and, second, because the hydrodynamic conditions in such experiments are distinct from those of industrial

crystallization processes. Seeded desupersaturation experiments focus on the average crystal growth rate of a
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suspension of crystals and are usually conducted in stirred tank crystallizers (STCs). These experiments allow
for the determination of statistically representative average crystal growth rates for numerous crystals at
industrially relevant hydrodynamic conditions. However, information related to the crystal growth mechanism

is more difficult to extract.>*

Paracetamol has been used as a model compound to investigate the crystal growth kinetics in several studies —
Table 8.1. Single-crystal experiments have been performed to investigate the effects of several operating
conditions, such as supersaturation,>® temperature,”® concentration of additives (including p-
acetoxyacetanilide,® acetanilide and metacetamol’®) and pH,® on the crystal growth kinetics of paracetamol. It
has been often reported that changing the operating conditions alters the growth rate of different faces in the
crystal to different degrees, which results in a significant impact on crystal habit. For example, Finnie et al.’
observed columnar crystals with dominant {110} faces at lower supersaturations, and plate-like crystals with
large {001} faces at higher supersaturations; Shekonov et al.” observed plate-like crystals with dominant {001}
faces at lower temperatures, around 3 °C, and prismatic crystals with dominant {110} faces at higher
temperatures, around 47 °C; Shekunov et al.® reported that the presence of p-acetoxyacetanilide has a more
substantial influence on the {110} faces than on the others, and, as a result, needle-like crystals with dominant
{110} faces are formed in the presence of this additive; finally, Thompson et al.'? also reported that the presence
of metacetamol has a more substantial impact on the crystal habit than acetanilide. It has also been reported that,
sometimes, when exposed to constant conditions of supersaturation, temperature and hydrodynamics, different
crystals of paracetamol grow at different rates. This phenomenon, known as growth rate dispersion, was reported

by Finnie et al.> and Omar et al..®

Seeded desupersaturation experiments have also been performed for paracetamol crystallization. A variety of
pure solvents (water,! ethanol*?® and methanol), binary mixtures (methanol-water,'® acetone-water,'®!" and
acetone-toluene!’), and even ternary mixtures (water-acetone-toluene!’) were tested. Supersaturation was
created by cooling in most works,!-141617 and by the addition of an antisolvent in only one work.'® In most
works, the crystal growth rate was expressed as a function of supersaturation in the form of an empirical power

law equation as:'*1’

= )
G = k,AC ©.1)

where G is the overall linear growth rate, k is the overall coefficient of crystal growth, g is the growth rate
order, and AC is the concentration driving force, calculated as AC = C — C,, where C is the concentration of
solute in the bulk solution, and C; is the solubility. In some works, the relative supersaturation, ¢ = C/C; — 1,
replaced AC in the crystal growth rate equation.** In addition, in some works, the overall coefficient of crystal

growth was expressed as a function of temperature by an Arrhenius-type equation as:'?24

_Ea
kg =kgoexp (ﬁ) (8.2)
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where kg, is a constant, E,, is the activation energy, R is the ideal gas constant and T is the temperature (in
Kelvin). In some works, the crystal growth rate was expressed as a function of supersaturation by two
mechanistic models, the Burton Cabrera Frank (BCF) model, which is usually more suitable for low to moderate
supersaturations, and the Birth and Spread (B+S) model, which is generally ideal for higher supersaturations.*’
In some works, the crystal growth rate equations were integrated into mass balance equations,**!¢7 or into

population balance equations, 11315

Several studies were conducted to investigate the effect of initial supersaturation, temperature, seed loading and
seed size on the crystal growth kinetics of paracetamol. As expected, the crystal growth rate was faster at higher
supersaturations, temperatures, seed loadings and smaller seed sizes.''> Other studies were conducted to
explore the effect of solvent composition on the crystal growth kinetics of paracetamol. Granberg et al.*® found
that the crystal growth rate of paracetamol in mixtures of acetone and water correlates well with the solubility
and that both exhibit a maximum at approximately 20% (w/w) of water. Granberg and Rasmuson?’ investigated
the crystal growth kinetics of paracetamol in binary and ternary mixtures of water, acetone and toluene and
found the lowest and highest crystal growth rates in the (0+50+50) and (70+30+0) mixtures, respectively.
O’Ciardha et al.’® found that the crystal growth rate of paracetamol in mixtures of methanol and water decreases
as the water mass fraction increases from 40% to 60%, and increases as the water mass fraction increases from
60% to 68%.

In all these studies, g ranged from approximately 1.2-1.3 in pure water*-® to 2.239 in a mixture of methanol
and water.™ The relatively high values of g suggest that surface integration was the rate-controlling step of
crystal growth. Furthermore, E, varied between 40.56-41.6 kJ molin pure ethanol*?!? and 47.35 kJ mol* in
pure methanol.** The relatively high values of E, also suggest that surface integration was the rate-controlling
step of crystal growth.!® Finally, in some works, the mass transfer coefficient, k,, was estimated to assess if the
crystal growth kinetics were affected by diffusional limitations.*2° In all these works, the experimental growth
rates were significantly lower than the predicted growth rates under diffusion control, which also suggests that

surface integration was the rate-controlling step of crystal growth.

Two alternative methods have also been employed to investigate the crystal growth kinetics of paracetamol.
Nagy et al.* conducted metastable zone width experiments to estimate simultaneously the nucleation and crystal
growth kinetic parameters for the cooling crystallization of paracetamol from water. These experiments were
performed by spontaneous nucleation followed by crystal growth at different cooling rates and initial
supersaturations. Soto et al.** conducted rotating disk experiments to measure the crystal growth rate for the
cooling crystallization of paracetamol from methanol. In these experiments, several individual seed crystals
were kept at constant supersaturation, and the crystal growth rate was determined for two directions

simultaneously.

Crystal growth kinetic data extracted from small batch experiments are typically used to scale-up the

crystallization processes from the laboratory to the industrial scale. However, the scale-up of STCs is not exactly
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trivial.? On the other hand, other crystallizers are much simpler to scale-up. The oscillatory flow crystallizer
(OFC) is one of the examples.? Several studies have demonstrated that OFCs can be scaled-up linearly as long
as the geometric similarity is kept constant and the hydrodynamic similarity is maintained by the same
dimensionless numbers.?% Up to now, eight papers have reported data related to the growth kinetics of

paracetamol?®-3! and other compounds in OFCs, 3233

In this work, the isothermal batch crystallization of paracetamol from a 40% (v/v) mixture of ethanol and water
in a planar-OFC was used as model system to study the effect of the oscillation conditions on the crystal growth
kinetics. The planar-OFC is a relatively new variant of OFCs where the traditional circular cross-section of
conventional tubular-OFCs is replaced by a rectangular cross-section.®* This design was developed to overcome
the limitations of tubular-OFCs, where several problems related to the suspension and flowability of solids are
commonly reported.®>3" To the best of our knowledge, this is the first time that seeded desupersaturation
experiments are performed in an OFC. In addition, it is also the first time that crystal growth kinetic data is

reported for a planar-OFC.
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Table 8.1 — Published studies on paracetamol crystal growth kinetics.

Reference

Experimental
method

Supersaturation
method

Crystallizer

Solvent

Temperature Ky, kg, kgo andlor E,

Brown and Ni®

Brown and Ni%

Cornel and Mazzotti*

Finnie et al.®

Granberg et al.’®

Granberg and

Rasmuson?’

Jiang and Ni %

Mitchell et al.*?

Nagy et al.*®

O’Ciardha et al.’s

Spontaneous

nucleation followed

by crystal growth

Spontaneous

nucleation followed

by crystal growth
Seeded
desupersaturation
experiments
Single crystal
experiments
Seeded
desupersaturation
experiments
Seeded
desupersaturation
experiments

Spontaneous

nucleation followed

by crystal growth
Seeded
desupersaturation
experiments
Metastable zone
width experiments
Seeded
desupersaturation

experiments

Antisolvent

Antisolvent

Cooling

Cooling

Cooling

Cooling

Reactive

Cooling

Cooling

Antisolvent

OFC

OFC

STC

Growth cell

STC

STC

OFC

STC

STC

STC

Acetone-water

Acetone-water

Water

Water

Acetone-water

Water-acetone-toluene

Acetic Acid-Water

Ethanol

Water

Methanol-water

23°C

23°C K;=1.7x103-6.4x10"° kg m?s?

20°C k4=0.68+0.04x10° m s™ (calibration-based)
k,=0.67+0.03x10° m s (calibration-free)

16 °C ky ~25x10°° m st in pure water

ky #5-x10° m s™ in pure acetone

16 °C

20°C

10,20and 30 °C  k,(,=9.979 m s™* (m*kmol*)?
E,=40.56 kJ mol*

—Ink,=4.11+1.23

25°C k,=3.46x105-1.86x10* m s

1.570

1.29+0.03
1.26+0.02

1.2 in pure water

1.45 in pure acetone

1.72,4.27 and 12.62

1.602

1.54+0.48

1.604-2.239
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Table 8.1 — Continued.

Reference Experimental Supersaturation Crystallizer Solvent system Temperature Ky, kg, kgo andlor E, g
method method
Omar et al.® Single crystal Cooling Growth cell Water 25and 40 °C
experiments
Shekunov et al.” Single crystal Cooling Growth cell Water 3-50 °C
experiments
Shekunov and Grant®  Single crystal Cooling Growth cell Water 5-40 °C
experiments
Shekunov et al.® Single crystal Cooling Growth cell Water 355°C
experiments
Soto et al.* Seeded Cooling STC Methanol 288,293,298 and  k,,=454+317 m s 1.51+0.03
desupersaturation 303K E,=47.35+1.70 k) mol*
experiments and
rotating disk
experiments
Thompson et al.®® Single crystal Cooling Growth cell Water 25°C
experiments
Worlitschek and Seeded Cooling STC Ethanol 8-30 °C kg0=21.0 m s (m?kmol ™) 1.9

Mazzotti*?

desupersaturation

experiments

E,=4.16 x 107 Jjkmol
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8.2 Materials and Methods

8.2.1 Material

Paracetamol (CAS number 103-90-02, min. 99% purity) was supplied by Sigma-Aldrich, ethanol (CAS number
64-17-5, min. 99.5% purity) was supplied by VWR Chemicals, and ultrapure water was obtained from a

Millipore ultrapure water system.

8.2.2 Calibration Curves

An analytic method was developed to measure the concentration of paracetamol in a 40% (v/v) mixture of
ethanol and water, C, at 10 °C. Standard solutions of paracetamol were prepared in triplicates and kept at 10 °C
in a cooling/heating bath (Ministat 125, Huber). The absorbance, Abs, of each standard solution was measured
at 249 nm by an attenuated total reflectance (ATR) immersion probe (Katana 6, Hellma) connected to an UV/Vis
spectrometer (SPEC RES+ UV/VIS-Sarspec). Then, the linear regression equation was fitted to the
experimental data by the method of least squares. The same experimental procedure was then repeated at 15,
20, 25, 30 and 35 °C. The experimental data and the calibration curves are presented in Figure 8.1. Further

details are provided in Appendix A.
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Figure 8.1 — Calibration curve for the absorbance as a function of the concentration of paracetamol in a
40% (v/v) mixture of ethanol and water at different temperatures. The error bars represent the interval

between the minimum and maximum values of the three replicates.
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8.2.3 Solubility

A solution of paracetamol in a 40% (v/v) mixture of ethanol and water with an excess of paracetamol was
prepared in a jacketed glass vessel (Schott glass reactor) with 1 L of maximum capacity. The temperature in the
jacket was kept constant at 10 °C by a cooling/heating bath, and stirring was provided by a magnetic stirrer (C-
MAG HS 7 digital, IKA). The absorbance of the solution was monitored at 249 nm by the ATR immersion
probe connected to the UV/Vis spectrometer, and the concentration of paracetamol was calculated from the
calibration curve at 10 °C. When the solution reached equilibrium, the final concentration of paracetamol in
solution was taken as the solubility of paracetamol in a 40% (v/v) mixture of ethanol and water at 10 °C, C;.

The same procedure was then repeated at 15, 20, 25, 30 and 35 °C. The results are presented in Table 8.2.

Table 8.2 — Solubility data.

T (°C) 10 15 20 25 30 35
C; (g kg) 65.55 7731 93.05 110.51 131.64 157.62

The following exponential equation was fitted to the experimental data:

C, = 45.913 exp(0.0352T) ©.3)

where C; is the solubility of paracetamol in a 40% (v/v) mixture of ethanol and water in g kg, and T is the

temperature in °C.

8.2.4 Preparation of the Seeds

The seeds were prepared by cooling crystallization ina STC. The STC consisted of a jacketed glass vessel with
1 L of maximum capacity. The temperature in the jacket was controlled by a cooling/heating bath, and stirring
was provided by a magnetic stirrer. A solution was prepared by dissolving 75 g of paracetamol in 250 g of
solvent in a 500 mL flask. The solvent consisted of a 70% (v/v) mixture of ethanol and water. The solution was
stirred at 200 rpm and kept at 35 °C on a hotplate magnetic stirrer for 1 hour. Then, the solution was quickly
transferred to the STC, which was previously thermostated at 2 °C. After that, the solution was kept under
stirring at 300 rpm by a magnetic bar. The rapid cooling forced nucleation at a high level of supersaturation,
which resulted in a large number of crystals. After 2 h, the stirring was stopped, the slurry was filtered, and the
final product was left to dry in an oven at 80 °C overnight. Then, the final product was sieved in a vibratory
sieve shaker (AS 200 Control, Retsch) using three stainless steel woven wire mesh sieves, with 90, 125, and

180 pum sieve mesh sizes, respectively. Crystals in the sieve fraction between 125-180 um were used as seeds
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in the following crystal growth experiments. The CSD of the seeds was measured by a laser diffraction particle
size analyzer (LS230, Beckman Coulter), and images of the seeds were acquired using a stereoscopic zoom
microscope (SMZ1500, Nikon) coupled to a video camera (DS-Ri1, Nikon).

8.2.5 Crystallizer

A schematic representation of the planar-OFC is presented in Figure 7.1. The planar-OFC consists of a plate-
like crystallizer with three stacked plates screwed together: two polycarbonate plates, one at the base and one
at the top, and one aluminum plate coated with Halar® (ethylene-chlorotrifluoroethylene copolymer, ECTFE)
in the middle — Figure 8.2 (a). The crystallization process takes place in a channel designed with smooth
periodic constrictions located between the middle and top plates, and the water of a cooling/heating jacket
circulates in a straight channel located between the base and middle plates. The two channels were carved in
the middle plate; the top plate seals the crystallization channel and the base plate seals the jacket channel. The
crystallization channel has 6 access points (one main inlet, one main outlet and four intermediate inlets/outlets)
and comprises a volume of approximately 71 mL (operational volume). The dimensions of each inter-
constriction cell are presented in Figure 8.2 (b).

Intermediate

Main inlet inlets/outlets

Plates

3 mm
13 mm

11 mm

S mm

8 mm

Main outlet

@ ®)

Figure 8.2 — Plate-like planar-OFC. (a) Three stacked plates. (b) Dimensions of each inter-constriction cell.

8.2.6 Crystal Growth Experiments

The experimental set-up is presented in Figure 8.3. A solution of paracetamol was prepared in a 40% (v/v)
mixture of ethanol and water in a 250 mL flask. The solution was stirred at 200 rpm and kept at 10 °C above its
saturation temperature on a hotplate stirrer for 1 h. Then, the solution was slowly cooled down to its saturation

temperature and kept under stirring. Then, a known amount of seeds was added to the solution.
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The suspension was pumped from the flask into the crystallizer (BT300-2J, Longer Pump), which was
previously thermostated at the final temperature, and the oscillation was activated at a predefined frequency and
amplitude of oscillation. The temperature in the crystallizer was controlled by a cooling/heating bath, and the
frequency and amplitude of oscillation were controlled by a linear motor actuating a piston diameter of 10.3 mm
(HO01-23x166/80, LinMot). When the crystallizer was completely filled with the suspension, the pumping was
stopped. The suspension was quickly cooled down to the final temperature in the crystallizer, and the seeds
were allowed to grow at constant temperature. The absorbance of the mother liquor was measured at 249 nm
by the ATR immersion probe connected to the UV/Vis spectrometer, which was placed in the first intermediate
inlet of the crystallizer, and the concentration of paracetamol in solution was calculated from the respective
calibration curve. The temperature of the mother liquor was recorded by a thermocouple connected to a data
acquisition system (NI cDAQ-9171, National Instruments), which was placed in the third intermediate inlet of
the crystallizer. After 2 h of crystal growth, the oscillation was stopped, and the slurry was collected at the
crystallizer outlet. The final product was filtered and then left to dry in an oven at 80 °C overnight. Then, the
CSD of the final product was measured using the laser diffraction particle size analyzer, and the images of the
crystals were acquired using the stereoscopic zoom microscope coupled to the video camera. Finally, the crystal
growth kinetic parameters were estimated from the desupersaturation curve. This procedure was repeated for
different combinations of frequency and amplitude of oscillation.
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Figure 8.3 — Experimental set-up for the determination of the crystal growth kinetics. A — suspension with
seeds; B — hotplate stirrer; C — peristaltic pump; D — planar-OFC; E — linear motor; F — cooling bath; G —
ATR-UV/Vis immersion probe; H — thermocouple.
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8.2.7 Design of experiments

A full factorial design with three center points was created in Minitab® to investigate the effects of the
frequency, f, and amplitude of oscillation, x,, on the crystal growth Kinetic parameters, k, and g. Each factor
was tested at two levels: 2 and 4 Hz for the frequency, and 12 and 16 mm for the amplitude. The center points
were set halfway between the low and high levels of each factor, in this case, f =3 Hz and x,=14 mm. In
addition, two more experiments were performed at =2 Hz and x,=12 mm at different temperatures. In total, 9
runs were performed. The experimental conditions of each run are presented in Table 8.3. In this table, T; is the
initial temperature, T is the final temperature, C; is the initial concentration, Cy is the final concentration, AC; =
C; — Cy is the initial concentration driving force, S; = C;/Cy is the initial supersaturation ratio, mge.q; is the
mass of seeds added, Re, is the oscillatory Reynolds number, and St is the Strouhal number. Re,, and St were

calculated based on the hydraulic diameter, Dy, defined as:

CcS
D, =4-5
=4 (8.4)

where A is the cross-sectional area of the channel and P, is the wetted perimeter of the cross-section.

Table 8.3 — Experimental conditions of each run.

Run  T;(°C) T,;(°C) Ci(gkg") Cr(gke") AC(gkg?) S Meeas (9)  f(HZ)  xo(mm)  Re, St

1 25 20 111.66 93.05 18.61 12 0.1807 2 12 886 0.041
2 25 20 111.66 93.05 18.61 1.2 0.1812 4 12 1771 0.041
3 25 20 111.66 93.05 18.61 12 0.1804 2 16 1181 0.031
4 25 20 111.66 93.05 18.61 1.2 0.1806 4 16 2362 0031
5 25 20 111.66 93.05 18.61 12 0.1805 3 14 1550  0.035
6 25 20 111.66 93.05 18.61 1.2 0.1810 3 14 1550  0.035
7 25 20 111.66 93.05 18.61 12 0.1809 3 14 1550  0.035
8 15 10 78.66 65.55 1311 1.2 0.1866 2 12 886 0.041
9 35 30 157.97 131.64 26.33 1.2 0.1740 2 12 886 0.041

8.3 Results and Discussion

In Chapter 7, the isothermal batch crystallization of paracetamol from water was used as a model system to
investigate the effect of the oscillation conditions on the nucleation kinetics in a range of frequencies between
3 and 6 Hz and in a range of amplitudes between 6 and 12 mm. In the present chapter, the initial intention was
to use the same model system to investigate the effect of the oscillation conditions on the crystal growth kinetics
in the same range of oscillation conditions. However, the solubility of paracetamol in water is too low to be

accurately measured by the ATR-UV/Vis probe (12.78 g kg™ at 20 °C, according to Granberg and Rasmuson®).
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Therefore, water was replaced by a 40% (v/v) mixture of ethanol and water because the solubility of paracetamol
in this solvent is high enough to be accurately measured by the ATR-UV/Vis probe (93.05 g kg at 20 °C,
according to our results). In addition, the range of frequencies was decreased from 3-6 Hz to 2-4 Hz so as to
reduce the probability of primary/secondary nucleation, attrition and breakage; and the range of amplitudes was
increased from 6-12 mm to 12-16 mm to keep the crystals in suspension in the new solvent, which is less dense
than water.

8.3.1 Estimation of crystal growth kinetic parameters

The overall crystal growth rate, R, can be expressed as:

1dm
R¢ = 1dr (8.5)

where A is the crystal surface area, and m is the mass of solute deposited in time t. A and m are calculated as:

A= pL® 8.6)

m = apL’ 8.7)

where g is the surface area shape factor, « is the volume shape factor, p. is the crystal density, and L is the

mean crystal size. Then, Equation (8.5) becomes:

R = 2P dL?
G = WE (8.8)

Assuming that a, § and R are constant over a small time interval, At = t;,; — t;, equation (8.8) can be

integrated as:

apc apcli (Liyq
- (8.9)

Rgiv1 = 3m(Li+1 —-L)=3 nr \ L,

where R ;41 is the overall crystal growth rate at ¢;,,, and L; and L;,, are the mean crystal size at t; and ¢,

respectively. L; and L;,, are related to the mass of the crystals as:

3

Miyq _ (Li+1) 8.10
m; Li ( ) )

where m; and m;,, are the mass of the crystals at ¢; and t;, 1, respectively. Hence, Equation (8.9) becomes:

1

ap:Li | ymiz1\3

Rgi+1 =3 ﬁgtl [(ml_ﬂ) - 1] (8.11)
L
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Then, Equation (8.11) can be rearranged as:

BAtRg 41\
My =M (1 + m) (8.12)
and R; ;11 can be calculated for each small time interval as:
C; + C; g
R = Ko (Z52 - ) (.13

where C; and C;,, are the concentration of solute at t; and t;,,, respectively, (C; + C;;1)/2 is the mean
concentration of solute in the time interval At = t;,; — t;, K, is the overall coefficient of crystal growth, and g

is the growth rate order.

To estimate K, and g, a nonlinear least-squares optimization procedure was employed, which consisted in

minimizing the objective function:
n
. 2
IQH¢W)=§}mﬁf—mﬁi (8.14)
i=0

where 6 is the vector of model parameters, 8 = [K,, g|, mi1; and m¢® are the experimental and calculated

values of m;, 1, respectively, ®(6) is the total sum of the square error between m:;¢ and m{%}, and n is the

total number of time intervals. Finally, R; was converted into the overall linear growth rate, G, as:

__B
3ap.

Rg (8.15)

And the overall coefficient of crystal growth expressed in kg m? s*, K, was converted into the overall

coefficient of crystal growth defined in ms™, kg, as:

B
_ 8.16
3ap, K, (8.16)

g

8.3.2 Effect of the Oscillation Conditions on the Crystal Growth Kinetic Parameters

Seven isothermal seeded batch desupersaturation experiments were performed to study the effect of the
frequency, f, and amplitude of oscillation, x,, on the crystal growth kinetic parameters, k, and g, for the
isothermal crystallization of paracetamol from a 40% (v/v) mixture of ethanol and water at 20 °C. Figure 8.4
presents the volume-based CSD, f;,(d), of the seeds and final products. This figure shows that the percentage
of small particles (<10 um) decreased in all runs in comparison with the seeds. Furthermore, it also indicates

that the percentage of large particles (> 500 um) remained low in all runs. This suggests that the formation of
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small particles due to primary/secondary nucleation, attrition and/or breakage, and the formation of large
particles due to agglomeration was not significant in all runs. Therefore, the growth of the seeds should have
dominated the consumption of supersaturation in these experiments. Furthermore, Figure 8.4 also shows that
the narrow CSD of the seeds was largely preserved in the final products, as confirmed by the nearly constant
coefficients of variation of the CSD, CV, presented in Figure 8.5, which suggests negligible crystal growth rate

dispersion.

S

1000

Figure 8.4 — Volume-based CSD of the seeds and final products. The inset shows the CSD for the smaller

sizes.

Figure 8.5 — Coefficient of variation of the CSD for the seeds and final products of each run.

Microscope images of the seeds and final products are presented in Figure 8.6. This figure clearly shows that
the seeds had a significant increase in size in all runs. It also shows that some mild agglomeration could not be
prevented. Nevertheless, Scholl et al.*® have demonstrated that the desupersaturation profile is not significantly

affected by agglomeration, even at high agglomeration rates.
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Figure 8.6 — Microscope images of the seeds and final products. The scale bar represents 200 um.

Figure 8.7 presents the evolution of supersaturation ratio, S, and temperature, T, in each run. This figure shows
that the suspension reached the final temperature (20 °C) very quickly, ensuring that crystal growth occurred at
a constant temperature. In addition, Figure 8.7 also shows that the desupersaturation curves for the three
replicates (Runs 5, 6 and 7) almost overlap, which demonstrates the reproducibility of the experiments. Finally,
Figure 8.7 also shows that the desupersaturation curves are also very similar for the remaining runs, suggesting
that the oscillation conditions should have a minor effect on crystal growth. To confirm this hypothesis, the
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crystal growth kinetic parameters, k4 and g, were estimated for each run from the respective desupersaturation

curve.
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Figure 8.7 — Evolution of supersaturation ratio and temperature in Runs 1-7.

Figure 8.8 presents the overall linear growth rate, G, as a function of the concentration driving force, AC, for
each run. This figure shows that almost all curves practically overlap, except for Runs 1 and 4. Run 1, with the
lowest crystal growth rates, was performed with the lowest oscillation intensity (Re,=886). In contrast, Run 4,

with the highest crystal growth rates, was performed with the highest oscillation intensity (Re,=2362). If the
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difference of crystal growth rates between Runs 1 and 4 is statistically significant, then the increase of crystal

growth rate caused by an increase of oscillation intensity suggests that diffusion is the rate-controlling step of

crystal growth. On the other hand, if the difference is not statistically significant, then surface integration is

probably the rate-controlling step of crystal growth. This is discussed in more detail below.

2,50
¢ Run 1
200 - o Run 2 %
s Run 3 "
ELSO Run 4 + i
= pTa &
= | e e
é 1.00 A “ +ﬁ°£ﬂ

20

AC (g kg')

Figure 8.8 — Overall linear growth rate as a function of the concentration driving force for Runs 1-7.

Table 8.4 presents the crystal growth kinetic parameters, k, and g, obtained in Runs 1-7. Table 8.4 also presents

the 95% confidence intervals for k, and g, CI (k) and CI(g), respectively, determined by the bootstrap method

with 200 simulations, as described by Hu et al.,*® as well as the sum of squared residuals, SSR. The low sum of

squared residuals and the narrow confidence intervals suggest that the model is suitable for describing the

experimental data. This is further supported by the parity plots presented in Figure 8.9, where the calculated

supersaturation ratio, S, is plotted against the experimental supersaturation ratio, S, for each run. Clearly,

the model predictions are in good agreement with the experimental data.

Table 8.4 — Crystal growth kinetic parameters obtained in Runs 1-7.

Run  f(Hz)  xo (mm) Re, St ky, (ms?) Ci(ky)(ms?) g CI(g) SSR (9?)
1 2 12 886 0.041 5.32x10° 1.72x10° 1.500 0.006 1.05x10*
2 4 12 1771 0.041 5.84x10° 1.50x108 1.455 0.003 1.09x10*
3 2 16 1181 0.031 1.06x10* 1.36x10° 1.591 0.003 5.96x10°
4 4 16 2362 0.031 1.04x10* 3.37x10°® 1.550 0.005 1.76x10°
5 3 14 1550 0.035 9.78x10° 4.95x10°® 1.584 0.009 1.42x10*
6 3 14 1550 0.035 9.13x10° 1.24x10° 1.541 0.003 4.04x10°
7 3 14 1550 0.035 1.11x10* 2.50x10°® 1.601 0.004 8.38x10°
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Figure 8.9 — Parity plots for Runs 1-7.

The crystal growth kinetic parameters obtained in each run are plotted as a function of f and x, in Figure 8.10.
This figure shows that while increasing f* barely affected kg, increasing x, resulted in an increase in k.

Furthermore, it also indicates that increasing either f or x, barely affected g.
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Figure 8.10 — (a) Overall coefficient of crystal growth and (b) growth rate order as a function of the frequency
and amplitude of oscillation. The error bars represent the interval between the minimum and maximum values

of the three replicates.

To assess the significance of the main effects of f and x, and their interaction, fx,, on kg and g, the factorial
design was analyzed in Minitab®. Two multiple linear regression models were formulated to describe the

relationship between the two factors, f and x,, and the two response variables, k, and g, as:
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kg (or g) = Bo + B1f + Baxo + P12f %0 (8.17)

where S, is a constant, §; and 3, are linear coefficients, and f3;, is an interaction coefficient. The p-value of
each term of the model was compared with the significance level of 5% to assess its significance. The p-value
measures the evidence against the null hypothesis, which states that the coefficient associated to the term is
equal to zero or, in other words, that the term has no significant effect.** The p-values for all terms of the two
models are presented in Table 8.5. In this work, the p-value was higher than the significance level of 5% for all
terms of the two models, which suggests that none of the terms is statistically significant. Furthermore, the
additional three center points were used to test for the curvature of the response. The curvature is considered
significant when the p-value for curvature is less than or equal to the significance level. The p-value for
curvature measures the evidence against the null hypothesis, which states that all the relationships between the
factors and the response are linear.*! The p-values for curvature for the two models are also presented in Table
8.5. In this work, the p-value for curvature was higher than the significance level of 5% for the two models,

which suggests that there is no evidence of curvature.

Table 8.5 — p-values for the two models.

p-value
Term kg g
f 0.932 0.424
X0 0.064 0.138
fxo 0.844 0.962
Curvature 0.127 0.163

8.3.3 Effect of Temperature on the Crystal Growth Kinetic Parameters

Three isothermal seeded batch desupersaturation experiments were performed to study the effect of temperature,
T, on the crystal growth Kinetic parameters, k, and g, for the isothermal crystallization of paracetamol from a

40% (v/v) mixture of ethanol and water. The three experiments were performed at f=2 Hz and x,=12 mm.

Figure 8.11 presents the evolution of supersaturation ratio, S, and temperature, T, in each run. This figure shows
that the suspension reached the final temperatures very quickly, ensuring that crystal growth occurred at a
constant temperature. Figure 8.11 also shows that the supersaturation was consumed faster at higher

temperatures, reflecting the well-known effect of temperature on the crystal growth rate.
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Figure 8.11 — Evolution of supersaturation ratio and temperature in Runs 1, 8 and 9.

The crystal growth Kinetic parameters, k, and g, obtained in each run are presented in Table 8.6. Once again,

the low sum of squared residuals and the narrow confidence intervals suggest that the model is suitable for

describing the experimental data. This is further supported by the parity plots presented in Figure 8.12.

Table 8.6 — Crystal growth kinetic parameters obtained in Runs 1, 8 and 9.

Run T (°C) k, (ms?) CI(ky) (ms™) g CI(g) SSR (9°)
8 10 2.64x10° 4.79x107 1.371 0.003 4.36x10°
1 20 5.32x10° 1.72x10° 1.500 0.006 1.05x10*
9 30 8.75x10° 2.04x10°® 1.589 0.002 3.07x10*

148



Crystal Growth Kinetics in a Planar Oscillatory Flow Crystallizer

1.20

A
o Run 1 0:,2-‘3?
Run 8 ﬁﬂjﬁ
L15 1 o Run 9 wl
<«
%D&‘
¥1.10 - g'iijgg[g
e s
,.O'OJéO
1.05 - 5
1.00 4 . . .
1.00 1.05 1.10 1.15 1.20

Figure 8.12 — Parity plots for Runs 1, 8 and 9.

Equation (8.2) was linearized and fitted to the experimental data to estimate the activation energy, E,, and the
constant, kg o, from the slope and the intercept of In k, vs 1/T, respectively. The results are presented in Table

8.7.

Table 8.7 — Parameters obtained from fitting equation (8.2) to the experimental data.

Parameter Value CI
kgo (ms™) 2123 324
E, (kdmol %) 42.8 0.3

8.3.4 Rate controlling step of crystal growth

It is generally assumed that crystal growth proceeds as a sequence of diffusion and surface integration.
Typically, diffusion is the rate-controlling step at high supersaturations and temperatures, whereas surface
integration is the rate-controlling step at moderate to low supersaturations and temperatures. This is because
surface integration has a stronger dependence on supersaturation and temperature than diffusion.?® In addition,
generally, diffusion is the rate-controlling step at low mixing intensities, whereas surface integration is the rate-
controlling step at high mixing intensities. This is because the relative velocity between the crystal and the
mother liquor increases as the mixing intensity increases, which decreases the diffusion resistance in the
boundary layer.*? Therefore, the combination of high oscillation intensities (886<Re,<2362), low
supersaturations (S; = 1.2) and low temperatures (10<T<30 °C) should have contributed to reduce the diffusion

limitations in this work.
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It is common to use the values of crystal growth kinetic parameters estimated from empirical power-law models
to speculate about the rate-controlling step of crystal growth. On the one hand, g ~1 and 10<E,<20 kJ mol*
are typically values for diffusion controlled crystal growth, on the other hand, g ~2 and 40<E,<60 kJ mol* are
typically values for surface integration controlled crystal growth.'® In this work, g ranged between 1.371 and
1.601, and E, was estimated as 42.8 kJ mol™. Therefore, the relatively high values of g and E, suggest that, in
this work, surface integration is the rate-controlling step of crystal growth. Furthermore, the statistical

independence of the crystal growth kinetics from the oscillation conditions also support this conclusion.

To investigate whether the crystal growth rate is affected by diffusional limitations, the concept of diffusion
control index was used. The diffusion control index, g; = G/G4, was defined by Nielsen and Toft*® as the ratio
between the experimental growth rate, G, and the diffusion limited growth rate, G;. On the one hand, when the
growth rate is controlled by diffusion, the experimental growth rate is of the same order of magnitude as the
diffusion limited growth rate, hence 1/q,; ~1. On the other hand, when the growth rate is controlled by surface

integration, the experimental growth rate is much lower than the diffusion limited growth rate, hence 1/q,; >1.
The diffusion limited crystal growth rate was calculated as:**

M

Gd = kd _3ap
c

(€ —-Cs) (8.18)

where k is the mass transfer coefficient, g is the surface shape factor, « is the volume shape factor ( 8 /a=7.09
for crystals of paracetamol with the shape of a truncated octahedron),?” M is the molar mass of paracetamol
(0.15117 kg mol™), p,. is the crystal density (1296 kg m™®), C is the concentration of paracetamol in solution and
C, is the solubility of paracetamol, both in molar units of mol m=. The mass transfer coefficient was estimated

using the Sherwood correlation as:*
1
D el*\5 1
kd = Z 2+0.8 U_3 Sc3 (819)

where D is the diffusivity or diffusion coefficient, L is the crystal size, ¢ is the average power input, v is the
kinematic viscosity (2.76x10° m? s at 20 °C for a 40% (v/v) mixture of ethanol and water)*® and Sc is the

Schmidt number (Sc = v/D). The diffusion coefficient, D, was calculated by the Stokes-Einstein equation as:*’

D= kT
" 3mud,,

(8.20)

where k is the Boltzmann constant (1.38065x1072% J K1), T is the temperature in Kelvin, and u is the dynamic
viscosity of the fluid (2.6163x10-2 kg m* st at 20 °C for a 40% (v/v) mixture of ethanol and water)* and d,,, is

the molecular diameter. The molecular diameter was calculated as:

150



Crystal Growth Kinetics in a Planar Oscillatory Flow Crystallizer

3 1

Ay = o, (8.21)

where ¢, is the molar density of the paracetamol (8.8113 kmol m=3), and N, is Avogadro’s constant
(6.022x10% kmol™). Therefore, d,,=5.73x10"° m and D=2.86x10"" m? sL, For planar-OFCs, the average power
input, &, can be estimated as:*

. 2N.(21mfx)3 [(W)Z B 1]

37TC§ Wo (8.22)

where N, is the number of identical constrictions per unit length (the planar-OFC comprises 88 identical
constrictions in a 2.22 m long channel, hence N.=88/2.22=39.6 m?), C, is the standard orifice discharge
coefficient (usually taken as 0.7), W is the channel width in the straight section (8 mm), and W, is the channel
width in the constriction (3.3 mm). The average power input was calculated for Runs 1-7 and, then, the mass
transfer coefficient was estimated for each run assuming the initial average crystal size of L=1.15x10* m. The
results are presented in Table 8.8.

Table 8.8 — Average power input and mass transfer coefficient for Runs 1-7.

Run f (Hz) X0 (Mm) & (W kg? kg (ms?)
1 2 12 0.287 5.54x10°
2 4 12 2.297 8.14x10°
3 2 6 0.681 6.49x10°
4 4 16 5.444 9.58x10°
5,6and 7 3 14 1.539 7.55%x10°°

Then, G4 and G were calculated for Runs 1-7 for the initial supersaturation ratio of $=1.2 (AC=18.61 g kg'=
116.6 mol m3). The inverse of the diffusion control index is plotted for each run in Figure 8.13. This figure
shows that 1/q, is well above the unity for all runs, which confirms that surface integration is the rate-
controlling step of crystal growth.

= G,IG
=

1/g,

Figure 8.13 — Inverse of the diffusion control index for Runs 1-7 (5=1.2).

151



Chapter 8

8.3.5 Comparison with other works

The crystal growth rates obtained in this work for the isothermal crystallization of paracetamol in a 40% (v/v)
mixture of ethanol and water, in the range between 10-*° and 107 m s for 1.0<5<1.2, are in good agreement
with those obtained in other solvents for similar levels of supersaturation, including water,*° ethanol,*?
methanol4, binary mixtures of methanol and water,*® acetone and water,'%1"27 acetone and toluene!’, and acetic
acid and water,?® and also ternary mixtures of water, acetone and toluene.'” Furthermore, the overall coefficients
of crystal growth obtained in this work, in the range between 2.64x10° and 1.11x10“*m s, are comparable with
those reported for binary mixtures of acetone and water,'® and methanol and water,™ and the growth rate orders
obtained in this work, in the range between 1.371 and 1.601, are as well comparable with those reported for
other solvents, from 1.2 in pure water'® to 12.62 in a binary mixture of acetic acid and water.? In addition, the
activation energy estimated in this work as 42.8 kJ mol™ is also very similar to the activations energies obtained
in other solvents, such as 40.56 and 41.6 kJ mol, both in ethanol,*?*3 and 47.35 kJ mol™ in methanol.* Finally,
surface integration has also been reported as the rate-controlling step for the crystal growth of paracetamol in
several systems, including cooling crystallization from ethanol in a STC with a working volume of 500 mL
operating with a stirrer speed of 200 rpm at 10-30 °C,* cooling crystallization from ethanol in a STC with a
working volume of 1 L operating with a stirrer speed of 600 rpm at 8-30 °C,™ antisolvent crystallization from
mixtures of methanol and water in a STC with a working volume of 400 mL operating with a stirrer speed of
250 rpm at 25 °C,*® and cooling crystallization from methanol in a STC with a working volume of 250 mL with
a stirrer speed of 250 rpm at 288-303 K.14

8.4 Conclusion

In this work, crystal growth kinetic data for the isothermal batch crystallization of paracetamol from a 40% (v/v)
mixture of ethanol and water in a planar-OFC was extracted from isothermal seeded desupersaturation
experiments. A model comprising a mass balance equation expressing the mass of paracetamol crystallized as
a function of time and an empirical power law equation describing the crystal growth rate as a function of
supersaturation was fitted to the experimental desupersaturation data to estimate the crystal growth kinetic
parameters for different combinations of frequency and amplitude of oscillation. This model was able to fit the
experimental data with good accuracy, and the estimated crystal growth kinetic parameters are in good

agreement with others previously obtained in different solvents.

The results obtained in this work suggest that surface integration is the rate-controlling step of crystal growth.
The reasons for this are based on three findings: first, the crystal growth is practically independent of the
oscillation conditions; second, the relatively high values of the growth rate order (1.371-1.601) and activation

energy (42.8 kJ mol?) that were obtained in this work are indicative of surface integration control; and third, a
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separate mass transfer analysis confirmed that diffusion limitations have little impact on the crystal growth rate.
Ultimately, this means that the control of the CSD cannot rely on the effect of the oscillation conditions on the

crystal growth step alone but rather on their relative impact on the nucleation and crystal growth steps.

It is also worth noting that while in previous works, when the experiments were conducted in OFCs, the crystal
growth rates were extracted from solid phase data, in this work, the crystal growth rates were extracted from
liquid phase data. This is relevant because liquid phase data is much less affected by secondary processes, such
as agglomeration and breakage, than solid phase data. Therefore, the method employed in this work should

estimate crystal growth rates with significantly less error than other methods previously used in OFCs.

Notation
Acronyms g Growth rate order
ATR Attenuated total reflectance G Overall linear growth rate
BCF Burton Cabrera Frank Gy Diffusion limited growth rate
B+S Birth and Spread k Boltzmann constant
CsD Crystal size distribution ky Mass transfer coefficient
ECTFE Ethylene-chlorotrifluoroethylene copolymer kg Overall coefficient of crystal growth (m s%)
OFC Oscillatory flow crystallizer K, Overall coefficient of crystal growth (kg m?s™)
STC Stirred tank crystallizer kyo Pre-exponential constant
L Mean crystal size
Latin symbols .
Y L; Mean crystal size at ¢;
A Crystal surface area .
24 Liyq Mean crystal size at ¢;,,
Abs Absorbance
m Mass of solute
A Channel cross-sectional area
o M Molar mass
c Concentration of solute in the bulk
m; Crystal mass at t;
Co Standard orifice discharge coefficient
mipq Crystal mass at t;,,
[ Molar density exp .
) _ My Experimental crystal mass at ¢t;,,
CI 95% confidence interval
i migs Calculated crystal mass at t,,,
C; Concentration of solute at ¢;
) Myeeds Mass of seeds
Cisr Concentration of solute at ¢, ; o
N . n Number of time intervals
C; Initial concentration
] . N, Avogadro constant
Cr Final concentration . . o .
N, Number of identical constrictions per unit length
cv Coefficient of variation . .
P Channel cross-sectional wetted perimeter
Cs Solubility e .
qa Diffusion control index
AC Concentration driving force
R Ideal gas constant
AC; Initial concentration driving force
Ry Overall crystal growth rate
d Crystal size
Co Rg 41 Overall crystal growth rate at ¢;,;
Diffusivity
. S Supersaturation ratio
dm Molecular diameter
Lo Scal Calculated supersaturation ratio
D, Hydraulic diameter ) ) )
L. Sexp Experimental supersaturation ratio
E, Activation energy
I Si Initial supersaturation ratio
f Frequency of oscillation ‘ P
SSR Sum of squared residuals
fr(d) Volume-based CSD a
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t Time B2 Two-way interaction coefficient
At Time interval between t;,, and t; € Average power input
T Temperature 0 Vector of model parameters
T; Initial temperature u Dynamic viscosity
Ty Final temperature v Kinematic viscosity
w Channel width in the straight section Pec Crystal density
W, Channel width in the constriction o Relative supersaturation
X, Center-to-peak amplitude of oscillation ®(6) Total sum of the square error
Greek Letters Dimensionless Numbers
a Volume shape factor Re, Oscillatory Reynolds number
I Surface area shape factor Sc Schmidt number
Bo Average response for all observations St Strouhal number
B, and B, Linear coefficients
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Chapter 9 - Continuous Cooling Crystallization In a

Planar Oscillatory Flow Crystallizer

9.1 Introduction

The manufacture of most active pharmaceutical ingredients (APIs) involves at least one crystallization step.
This step is especially important because it largely defines the final physicochemical properties of the API,
including purity, polymorphism, morphology, size, and crystal size distribution (CSD). The size and CSD are
particularly crucial because they determine the API dissolution profile and, consequently, its bioavailability,
and play a key role in the efficiency of downstream operations, such as filtration, drying and formulation. From
a pharmaceutical perspective, small crystals are preferred for faster dissolutions, whereas, from a manufacturing

perspective, larger crystals are preferred for efficient downstream processing.!2

In the pharmaceutical industry, batch crystallization is standard practice. The rate at which supersaturation is
generated and consumed during the course of batch crystallization defines the final CSD. This is true whether
supersaturation is generated by cooling, addition of antisolvent, evaporation of solvent or chemical reaction. In
the case of cooling crystallization, the supersaturation profile is controlled by the cooling profile.® Linear cooling
profiles provide constant cooling rates from the beginning to the end of the crystallization process; concave
cooling profiles are similar to natural cooling, with faster cooling rates at the beginning and slower cooling rates
at the end of the crystallization process; and convex cooling profiles are the direct opposite of concave cooling
profiles, with slower cooling rates at the beginning and faster cooling rates at the end of the crystallization
process. Convex cooling profiles maintain the operation at low levels of supersaturation, which minimizes the
formation of fines due to excessive nucleation, and are therefore preferred to produce larger mean crystal sizes

and narrower CSDs.*

Some type of fines removal strategy can also be employed to gain control over the CSD. There are basically
two main types of fines removal techniques: external and in situ. In the first case, a classified stream of slurry
containing only fines is removed from the crystallizer, heated to dissolve the fines, and then recycled back to
the crystallizer.”® In the second case, the slurry is alternately heated and cooled via temperature cycling, which
promotes the dissolution of the fines during the heating cycles, and the growth of the larger crystals during the
cooling cycles. In situ fines removal techniques do not require additional equipment, which avoids additional

capital and operating costs, and are therefore often preferred over external fines removal techniques.

Temperature cycling is commonly implemented on a trial-and-error basis by optimizing the time interval, the

temperature range between the cooling and heating cycles, the cooling and heating rates, and the number of
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cycles for a target mean crystal size and CSD.%!! Alternatively, temperature cycling can also be implemented
by using a model-free approach'>*¢ or a model-based approach.”*® Model-free approaches are closed-loop
feedback control strategies that make use of real time measurements provided by process analytical technologies
to adjust the operating policies and manage nucleation, crystal growth and dissolution events; whereas model-
based approaches are open-loop control strategies that follow the optimal temperature profile, which is obtained

by solving a population balance model that adequately describes the crystallization process.

Temperature cycling can also be used to promote de-agglomeration due to the dissolution of the bonds between
the crystals during the heating cycles.!3161920 Agglomeration is usually undesirable because the formation of
agglomerates promotes the entrapment of mother liquid and therefore compromises the purity of the final
product. Furthermore, the entrapped mother liquor is difficult to remove during washing and drying, which
contributes to the caking of crystals during storage. Moreover, irregular agglomerates can generate broad CSDs

and induce the formation of a large amount of fines during transport and storage.?-?2

Temperature cycling is not limited to batch crystallization. Temperature cycling has also been implemented in
continuous in a mixed suspension mixed product removal (MSMPR) cascade,? in a plug flow crystallizer
(PFC),?* and in slug flow crystallizers (SFC).27 Acevedo et al.® integrated a dissolution stage for fines
removal within a MSMPR cascade for the cooling crystallization of paracetamol; with fines removal, larger
particles with a narrower CSD were obtained, but with a significant decrease in yield. Majumder and Nagy?
simulated the cooling crystallization of potash alum in a PFC; the PFC was conceptually divided into several
segments where the temperature of each segment could be controlled independently; some segments were
cooled for crystal growth, while others were heated for fines removal; nucleation, crystal growth and dissolution
kinetics were incorporated into the population balance model to simulate the process; the simulations showed
that the best results in terms of fines removal are achieved when the larger crystals grow faster than the smaller
ones and the smaller crystals dissolve faster than the larger ones. Eder et al.? produced crystals of acetylsalicylic
acid by cooling sonocrystallization in a SFC; seeds were produced in situ via cooling sonocrystallization, and
then a temperature cycling was employed to dissolve the fines and increase the mean crystal size of the final
product. Jiang et al.?® produced crystals of _-asparagine monohydrate by cooling crystallization in a SFC;
nucleation was induced by mixing hot and cold solutions in coaxial or radial mixers, and then a temperature
cycling was employed to increase the mean crystal size, reduce aggregation and improve the overall uniformity
of the final product. Besenhard et al.?” produced crystals of p-mannitol by cooling crystallization in a SFC; a
suspension with seeds was prepared externally and then fed to the SFC where it was subjected to a temperature
cycling; increasing the difference of temperatures between the cooling and heating cycles decreased the number

of fines and increased the mean crystal size of the final product.

In this work, paracetamol was crystallized from a 40% (v/v) mixture of ethanol and water in a planar oscillatory
flow crystallizer (planar-OFC). In this work, two sets of experiments were performed: continuous crystallization

without seeding, and continuous crystallization with seeding and temperature cycling. The main goal was to

160



Continuous Cooling Crystallization in a Planar Oscillatory Flow Crystallizer

investigate the impact and benefits of temperature cycling on the size and CSD of paracetamol. To the best of

our knowledge, this is the first time that temperature cycling is employed in an OFC.

9.2 Materials and Methods

9.2.1 Material

Paracetamol (CAS number 103-90-02, min. 99% purity) was supplied by Sigma-Aldrich, ethanol (CAS number
64-17-5, min. 99.5% purity) was supplied by VWR Chemicals, and ultrapure water was obtained from a

Millipore ultrapure water system.

9.2.2 Crystallizer

The planar-OFC consists of a plate-like crystallizer with three stacked plates: two polycarbonate plates, one at
the base and one at the top, and one aluminum plate coated with Halar® (ethylene-chlorotrifluoroethylene
copolymer, ECTFE) or one Teflon® (poly(tetrafluoroethylene), PTFE) plate in the middle — Figure 9.1 (a).
The crystallization process takes place in a channel designed with smooth periodic constrictions located between
the middle and top plates, and the water of a cooling/heating jacket circulates in a straight channel located
between the base and middle plates. The two channels were carved in the middle plate; the top plate seals the
crystallization channel and the base plate seals the jacket channel. The crystallization channel has 6 access points
(one main inlet, one main outlet and four intermediate inlets/outlets) and comprises a volume of approximately

71 mL (operational volume). The dimensions of each inter-constriction cell are presented in Figure 9.1 (b).

Intermediate

Main inlet inlets/outlets

Plates

3 mm

11 mm

S mm

8 mm

Main outlet

@ ®)

Figure 9.1 — Plate-like planar-OFC. (a) Three stacked plates. (b) Dimensions of each inter-constriction cell.
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The continuous crystallizer is formed by two or three planar-OFCs in series. With two planar-OFCs in series,
the continuous crystallizer contains an operational volume of 142 mL, and with three planar-OFCs in series, the
continuous crystallizer contains an operational volume of 213 mL. The temperature of each planar-OFC is
controlled by a cooling/heating bath (Ministat 125, Huber), and the frequency and amplitude of oscillation in
the continuous crystallizer is controlled by a linear motor actuating a piston with a 10.3 mm diameter (HO1-
23x166/80, LinMot).

9.2.3 Continuous Crystallization without Seeding

The experimental set-up for continuous crystallization without seeding with two planar-OFCs in series is
presented in Figure 9.2. In some runs the middle plate was made of aluminum coated with Halar®, in other

runs the middle plate was made of Teflon®.

®

@
@ D) @

® —&r

Figure 9.2 — Experimental set-up for continuous crystallization without seeding with two planar-OFCs in
series. A — jacketed glass vessel; B — magnetic stirrer; C — cooling/heating bath; D — peristaltic pump; E —
linear motor; F1 and F2 — planar-OFCs; G — cooling/heating bath; H — thermocouple; I - ATR-UV/Vis

immersion probe.
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A solution with a given concentration of paracetamol in a 40 % (v/v) mixture of ethanol and water was prepared
in a jacketed glass vessel (Schott glass reactor) with 1 L of maximum capacity. The temperature in the jacket
was kept constant by a cooling/heating bath, and stirring was provided by a magnetic stirrer (C-MAG HS 7
digital, IKA). The solution was stirred at 300 rpm and the temperature of the solution, T;, was kept at 10 °C
above its saturation temperature for 1 hour. Then, the temperature of the solution was decreased to 3 °C above

its saturation temperature.

First, the continuous crystallizer was thermostated at a given temperature, T;. Then, a 40% (v/v) mixture of
ethanol and water was pumped (BT300-2J, Longer Pump) from a flask to the continuous crystallizer and
recirculated back to the flask to eliminate the air bubbles. When the continuous crystallizer was completely free
from air bubbles the recirculation was stopped. Then, the solution of paracetamol was pumped from the vessel
into the continuous crystallizer at a given flow rate, Q, and the oscillation was activated at a given frequency,
f, and amplitude, x, (center-to-peak in the straight section). The temperature of the suspension at the outlet of
the continuous crystallizer was recorded by a thermocouple connected to a data acquisition system (NI cDAQ-
9171, National Instruments), and the absorbance of the solution at the outlet of the continuous crystallizer, Abs,
was measured at 249 nm by an attenuated total reflectance (ATR) immersion probe (Katana 6, Hellma)
connected to an UV/Vis spectrometer (SPEC RES+ UV/VIS-Sarspec). Samples of the slurry were collected at
the outlet of the continuous crystallizer at regular intervals. The samples were filtered and left to dry in an oven
at 80 °C overnight. Then, the CSD of each sample was measured by a laser diffraction particle size analyzer
(LS230, Beckman Coulter), and images of the crystals were acquired using a stereoscopic zoom microscope
(SMZ1500, Nikon) coupled to a video camera (DS-Ril, Nikon).

This procedure was repeated for different runs. The experimental conditions of each run are presented in Table
9.1. In this table, the initial supersaturation ratio, S;, was calculated as the ratio between the concentration of

paracetamol in the vessel and the solubility of paracetamol at T.

Table 9.1 — Continuous crystallization without seeding: experimental conditions of each run.

Run Wall material f (H2) xo (Mm) Q (mL min'?) T; (°C) C; (g kg?) T, (°C) S;
P1 Halar® coating 2 12 29.98 35 139.58 20 15
P2 Halar® coating 2 12 14.94 35 139.58 20 15
P3 Halar® coating 2 12 7.32 35 139.58 20 15
P4 Halar® coating 4 16 29.98 25 98.32 10 15
P5 Teflon 4 16 30.02 25 98.32 10 15
P6 Teflon 4 16 14.90 25 98.32 10 15
P7 Teflon 4 16 14.78 33 131.1 10 2
P8 Teflon 4 16 30.02 33 131.1 10 2
P9 Teflon 4 16 7.60 33 131.1 10 2
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9.2.4 Preparation of the Seeds

The experimental setup for the preparation of the seeds is presented in Figure 9.3.

® JfD

® |—C

o ©

Figure 9.3 — Experimental setup for the preparation of the seeds. A — STC; B — magnetic stirrer; C —

cooling/heating bath; D — thermocouple; E — ATR-UV/Vis immersion probe.

The preparation of the seeds involved two steps: the first step was the preparation of a solution of paracetamol
in a stirred tank crystallizer (STC), and the second step was the application of a controlled cooling program to
induce the crystallization of paracetamol in the STC. The STC consisted of a jacketed glass vessel with 1 L of
maximum capacity. The temperature in the jacket was controlled by a cooling/heating bath, and stirring was
provided by a magnetic stirrer. The temperature of the solution was recorded by a thermocouple and the

absorbance of the solution was measured at 249 nm by an ATR-UV/Vis immersion probe.

A solution with a given concentration of paracetamol in a 40% (v/v) mixture of ethanol and water, Cgrc, was
prepared in the STC. The solution was stirred at 300 rpm and the temperature in the bath, T}, was manipulated
to keep the temperature of the solution, T¢y¢, at 10 °C above its saturation temperature, T, for 1 hour. Then, the
temperature in the bath was manipulated to cool the solution to 3 °C above its saturation temperature. After that,
the temperature in the bath was decreased at a cooling rate, 8, of 0.5 °C min* to cool the solution from 3 °C
above its saturation temperature to the final temperature. At some point, paracetamol crystallized from solution.
Approximately 3 h after the start of the controlled cooling program, when the solution reached solubility, a
sample of the slurry was filtered, and the seeds were left to dry in an oven at 80 °C overnight. Then, the CSD of

the seeds was measured and images of the seeds were acquired as previously described.

Two protocols were employed for the preparation of the seeds: Protocol 1 and Protocol 2. The difference
between the two protocols is presented in Figure 9.4. Basically, the two protocols followed the same sequence
of steps, but, in the case of Protocol 1, the final suspension was saturated at 10 °C, and, in the case of Protocol
2, the final suspension was saturated at 20 °C. The density of seeds in the final suspension was similar in the
two protocols (61.51 g of seeds per kg of solution in the case of Protocol 1, and 59.97 g of seeds per kg of
solution in the case of Protocol 2). A suspension with seeds was prepared via Protocol 1 or Protocol 2 before

each seeded continuous crystallization experiment.
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Solution preparation | | Cooling program ‘
6=0.5 °C min-!
P Ty=48°C T, =40 °C B T,=19.5°C

Protocol 2

_ - -1
Csre 1586? g kg Csrc=158.60 g kg! Csr¢=93.05 g kg'!
T,=35°C T,=35°C T,=20 °C
Tsrc=45°C Tspc=38 °C Tepe=20°C
‘ ~1h | ‘ ~3h

Figure 9.4 — Protocol 1 and Protocol 2 for the preparation of the seeds.

9.2.5 Continuous Crystallization with Seeding and Temperature Cycling

The experimental set-up for continuous crystallization with seeding and temperature cycling with two and three
planar-OFCs in series is presented in Figure 9.5 (a) and (b), respectively. In this type of experiments, the middle

plate was made of aluminum coated with Halar®.

First, a 40% (v/v) mixture of ethanol and water was pumped from a flask to the continuous crystallizer and
recirculated back to the flask to eliminate the air bubbles. When the continuous crystallizer was completely free
from air bubbles the recirculation was stopped. Then, a suspension with seeds was pumped at Q=7.30 mL min
from the STC into the hot planar-OFC and the oscillation was activated at f=2 Hz and x,=12 mm. The
temperature of the solution at the outlet of the hot planar-OFC, T}, was higher than in the STC, Tsr¢, which led
to the dissolution of some seeds in the hot planar-OFC. Then, the suspension was injected into the cold planar-
OFC. The temperature of the solution at the outlet of the cold planar-OFC, T,, was lower than at the outlet of
the hot planar-OFC, T, which led to the growth of the remaining seeds (and eventually also secondary
nucleation, agglomeration and crystal breakage) in the cold planar-OFC. In order to increase the duration of the
dissolution step in the continuous crystallizer, in some runs, there were two hot planar-OFCs (Figure 9.5 (b))
instead of just one (Figure 9.5 (a)). The temperature of the solution at the outlet of the cold planar-OFC was
recorded by a thermocouple and the absorbance of the solution at the outlet of the cold planar-OFC was
measured at 249 nm by an ATR-UV/Vis immersion probe. The supersaturation ratio at the outlet of the cold

planar-OFC was calculated as the ratio between the absorbance of the solution and the absorbance of a saturated
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solution at T,. Samples of the slurry were collected at the outlet of the cold planar-OFC at regular intervals.
After 4 residence times, a sample was collected at the outlet of the hot planar-OFC (or second hot planar-OFC).
The samples were filtered and left to dry in an oven at 80 °C overnight. Then, the CSD of each sample was

measured and images of the crystals were acquired as previously described.
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Figure 9.5 — Experimental set-up for continuous crystallization with seeding and temperature cycling with

two (a) and three (b) planar-OFCs in series. A — STC; B — magnetic stirrer; C — cooling/heating bath; D —
peristaltic pump; E — linear motor; F — hot planar-OFC; F1 — first hot planar-OFC; F2 — second hot planar-
OFC; G — cooling/heating bath; H — cold planar-OFC; | — cooling/heating bath; J — thermocouple; K — ATR-

UV/Vis immersion probe.

This procedure was repeated for different runs. The experimental conditions of each run are presented in Table
9.2. In this table, S,,,, IS the maximum possible supersaturation ratio at the inlet of the cold planar-OFC. For
example, in the case of Run 2: the concentration of paracetamol at the inlet of the hot planar-OFC is 65.55 g kg™;
the temperature at the outlet of the hot planar-OFC is 13 °C; the solubility of paracetamol at 13 °C is 72.53 g kg'*;
therefore, if the solution of paracetamol reached solubility at the outlet of the hot planar-OFC due to the
dissolution of seeds, then the concentration of paracetamol at the outlet of the hot planar-OFC would be

72.53 g kgl; the temperature at the outlet of the cold planar-OFC is 6 °C; the solubility of paracetamol at 6 °C
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is 56.70 g kg*; therefore, the maximum possible supersaturation ratio at the inlet of the cold planar-OFC is

Smax=12.53/56.70=1.3. The same rationale was used to calculate S,,,, for each run.

Table 9.2 — Continuous crystallization with seeding and temperature cycling: experimental conditions of each

run.

Run Tsrc (°C) T, (°C) N.° of hot planar-OFCs S max T.(°C)
1 10 10 1 1.2 6
2 10 13 1 1.3 6
3 10 15 1 14 6
4 10 17 1 15 6
5 10 20 1 1.6 6
6 20 23 1 13 16
7 20 26 1 14 16
8 20 28 1 15 16
9 20 29 1 1.6 16
10 10 13 2 13 6
11 10 15 2 14 6
12 20 23 2 1.3 16
13 20 26 2 14 16

9.3 Results and Discussion

9.3.1 Continuous Crystallization without Seeding

Figure 9.6 presents the evolution of the absorbance, Abs, and temperature, T, and Figure 9.7 presents the
evolution of the volume-based CSD, f,,(d), for each continuous crystallization run without seeding. The
absorbance is directly related to the concentration of paracetamol in the mother liquor, but the signal measured
by the ATR-UV/Vis probe was not calibrated. During Run P1, there is a peak of absorbance somewhere between
the first and second residence times (5-10 min). After this peak, the absorbance decreases substantially due to
the nucleation and crystal growth of paracetamol in the continuous crystallizer. However, at some point between
the second and the third residence times (10-15 min), the absorbance starts to increase substantially, probably
due to the growth of crystals of paracetamol on the surface of the ATR-UV/Vis probe. At the same time, the
crystallization channel becomes severely fouled due to the growth of large crystals of paracetamol on the walls
of the channel. Ultimately, after only 22 min of operation, the crystallization channel clogs and the operation is
shut down.

Since decreasing the flow rate decreases the relative velocity between the crystals that growth on the walls of

the crystallization channel and the mother liquor, then decreasing the flow rate should decelerate crystal growth
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on the walls. Therefore, the flow rate was decreased from 9=29.98 mL min™ in Run P1, to Q=14.94 mL min™!
in Run P2, to Q=7.32 mL min* in Run P3. Decreasing the flow rate effectively decelerated crystal growth on
the walls, which extended the operation time from 22 min in Run P1, to 56 min in Run P2, to 65 min in Run P3,
however, this was not enough to avoid fouling and eventually clogging of the crystallization channel. Moreover,
the evolution of the CSD and its lack of uniformity during Runs P1, P2 and P3 are clearly indicative of a complex
dynamic between nucleation, crystal growth, agglomeration, crystal breakage and fouling. Unfortunately, the
flow rate could not be decreased even further because lower flow rates would not be able to drag the crystals

along the crystallizer.

Nucleation and crystal growth are favored near the wall of the crystallization channel because the temperature
near the wall is lower than the temperature in the bulk, and so the supersaturation near the wall is higher than
the supersaturation in the bulk. Therefore, to reduce the gradient of temperatures and supersaturations in the
crystallization channel, the oscillation intensity was increased from f=2 Hz and x, =12 mmin Run P1to f=4 Hz
and xy =16 mm in Run P4. In addition, to reduce the nucleation rate, the temperature was decreased from
T¢=20 °C in Run P1 to Ty=10 °C in Run P4. These changes extended the operation time from 22 min in Run P1
to 46 min in Run P4, however, this was still not enough to avoid fouling and eventually clogging of the
crystallization channel. Moreover, the evolution of the CSD and its lack of uniformity during Runs P1 and P4

are clearly indicative of non-steady state.

At this point, it was evident that paracetamol has a great affinity with the wall material of the crystallization
channel. Lee et al.*! reported that fully fluorinated polymers wet less than partially fluorinated polymers,®! so,
to reduce the contact angle between the solution of paracetamol and the wall material of the crystallization
channel, the wall material was changed from Halar® coating (ECTFE, a partially fluorinated polymer) in Run
P4 to Teflon® (PTFE, a fully fluorinated polymer) in Run P5. Changing the wall material successfully avoided
fouling, but only because paracetamol did not crystallize in the continuous crystallizer. (The large variation of
absorbance during Run P5 was due to the presence of air bubbles, which were eventually removed.) This result
suggests that heterogeneous nucleation on the walls of the crystallization channel should be the dominant
mechanism of nucleation at the beginning of the crystallization process. Therefore, to increase the residence
time, t,, the flow rate was decreased from @=30.02 mL min? (t, ~5 min) in Run 5 to 9=14.90 mL min*
(t, =10 min) in Run 6. Unfortunately, this was still not enough to have crystallization in the continuous
crystallizer. (At the beginning of Run 6, the absorbance was not O because there was still some solution of
paracetamol in the crystallization channel from the previous run, which was eventually removed as the new
solution of paracetamol was pumped into the continuous crystallizer.) Therefore, the initial supersaturation was
increased from S;=1.5 in Run P6 to 5;=2.0 in Run P7. Increasing the initial supersaturation allowed to have
crystallization in the crystallization channel, however, clogging could not be prevented. On the one hand,
increasing the flow rate from Q=14.78 mL min* in Run P7 to 9=30.02 mL min in Run P8, as expected, did

not help. On the other hand, decreasing the flow rate from Q=14.78 mL min* in Run P7 to Q=7.60 mL min*in
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Run P9 led to an apparent steady state as suggested by the practically constant absorbance and the relatively

uniform CSDs, but, clogging still could not be prevented.

Fouling is a common challenge in continuous crystallizers, and the risk is even more imminent when
crystallization is triggered by spontaneous nucleation in tubular and channel-type crystallizers such as OFCs.
For example, Brown et al.?? had to increase the oscillation intensity to improve the suspension of solids and
prevent blockages during the antisolvent crystallization of salicylic acid in an OFC. Similarly, Pefia et al.*® had
to increase the oscillation intensity and decrease the initial supersaturation to reduce the risk of fouling during
the spherical crystallization of benzoic acid in an OFC. Operating within the metastable zone with seeding is
the most common strategy to reduce the risk of fouling and clogging in OFCs. For example, Briggs et al.®
studied the cooling crystallization of _-glutamic acid with and without seeding in an OFC; while the unseeded
experiments resulted in significant encrustation on the crystallizer walls due to excessive nucleation, the seeded
experiments could be operated for more than 10 h without significant fouling (except for one experiment
operated at high feed solution concentration and low seed loading). Jiang and Ni* studied the reactive seeded
cooling crystallization of paracetamol in an OFC; seeding successfully prevented excessive nucleation and
subsequent encrustation and/or blockages. Raval et al.*® investigated the seeded cooling crystallization of a-
lactose monohydrate and paracetamol in a four-stage cascade of OFCs with moving baffles; no evidence of
fouling in the crystallizer or blockage of the transfer lines was observed. Alternatively, additives can also be
used to avoid excessive nucleation. For example, Agnew et al.¥’ investigated the cooling crystallization of
paracetamol in a two-stage MSMPR and in an OFC in the presence of metacetamol; the addition of 25% (w/w)
of metacetamol avoided fouling in both crystallizers, but decreasing the concentration of metacetamol to

18% (w/w) in the OFC resulted in the eventual blockage of the crystallizer.

Besides causing operational challenges, including blockages and heat transfer issues, fouling can drive the
system away from the desired state of control, with implications on critical product attributes and yield. When
the crystallizer cannot be operated for extended time without fouling, the advantages of continuous
crystallization are severely reduced. Therefore, continuous crystallization with seeding was considered as a

more attractive approach for continuous crystallization in a planar-OFC.
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Figure 9.6 — Continuous crystallization without seeding: evolution of absorbance and temperature for each run.
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Figure 9.7 — Continuous crystallization without seeding: evolution of the volume-based CSD for each run.
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9.3.2 Preparation of the Seeds
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Figure 9.8 — (a) Evolution of temperature and (b) evolution of absorbance during Protocol 1. (¢) Evolution of

temperature and (d) evolution of absorbance during Protocol 2.

Figure 9.8 (a) and (c) present the evolution of the temperature in the STC during the preparation of the seeds
according to Protocol 1 and Protocol 2, respectively. These figures show that the evolution of the temperature
during the controlled cooling program was identical in all runs. Figure 9.8 (b) and (d) present the evolution of
the absorbance in the STC during the preparation of the seeds according to Protocol 1 and Protocol 2,
respectively. These figures show that the onset of nucleation, detected as a sharp decay of absorbance and a
slight increase of temperature, occurred sometime after 30 min (1800 s) from the start of the controlled cooling
program. It is important to note that, although the absorbance is directly related to the concentration of
paracetamol, the signal measured by the ATR-UV/Vis probe was not calibrated. This is the reason why the
absorbances at the start and at the end of the controlled cooling program are not the same for all runs, even

though the concentrations of paracetamol at the start and at the end are the same for all runs. From our
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experience, the signal measured by the ATR-UV/Vis probe is significantly affected by its position, the
deposition of solute on its surface, and the temperature. Therefore, the data extracted from the ATR-UV/Vis
probe was not used to measure the exact concentration of paracetamol in solution, instead, it was used to insure
that the concentration of paracetamol in solution reached steady state, or, in other words, that the concentration

of paracetamol in solution reached solubility at the temperature of operation.

Protocol 1 Protocol 2
(@ (c)
250 250
200 - 200
E 150 150
Ei ‘%100
<100 A =
50
50 A
0 T
0 - ‘ ‘ T ‘ 6 7 8 9 12 13
1 2 3 4 5 10 11 Run
Run
(b) (d)
1(9) —o—Rumn 1 12 —o—Run 6
g s —o0—Run 7
; 7 —0—Run 8
p p Run 9
| i —o—Run 12
S5+ ORER
< 5 Run 13
4 4
3 3 ¢
2 2 | ,
1A 1
0 0 : =s=—0——0—0

400 500

d (um)

Figure 9.9 — (a) Mean diameter and (b) volume-based CSD of the seeds produced via Protocol 1. (c) Mean

diameter and (d) volume-based CSD of the seeds produced via Protocol 2.

Figure 9.9 presents the mean diameter, d,,,, and the volume-based CSD of the seeds produced via Protocol 1
and Protocol 2. It is interesting to note that the seeds produced via Protocol 1 display a larger variation in the
mean diameter (154429 pum for the runs following Protocol 1, where 154 um is the average mean diameter and
29 um is the standard deviation, and 162+11 pm for the runs following Protocol 2) and CSD width than the
seeds produced via Protocol 2. Since nucleation occurs at higher temperatures during Protocol 2 than during
Protocol 1, then nucleation should be more intense and should occur over a narrower range of supersaturations
during Protocol 2. This could explain why the CSDs of the seeds produced via Protocol 2 are narrower and

more reproducible than the CSDs of the seeds produced via Protocol 1. Obviously, this lack of uniformity
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between seeds produced in different runs and via different protocols should be taken into consideration when

analyzing the results of the following seeded continuous experiments.

9.3.3 Continuous Crystallization with Seeding and Temperature Cycling

Figure 9.10 presents the experimental results of Run 1, including the evolution of the supersaturation ratio, S,
and temperature, T, at the outlet of the continuous crystallizer (Figure 9.10 (a)), the evolution of the volume-
based CSD along the continuous crystallizer (Figure 9.10 (b)), images of the seeds (Figure 9.10 (c)), images
of the crystals after T;, (Figure 9.10 (d)) and images of the crystals after T, (Figure 9.10 (e)). The experimental
results of the remaining runs are presented in Figure 9.11-Figure 9.22. In most runs, the CSD of the seeds is
unimodal, however, the images of the seeds show that they consist of several types of particles, including single
crystals of different sizes, crystal fragments, and soft and hard agglomerates. The coexistence of distinct

hydrodynamic environments within the STC probably explains the formation of the different types of particles.

For Run 1, Figure 9.10 (a) and (b) show that the temperature, the supersaturation and the CSD at the outlet of
the continuous crystallizer remain fairly constant from the first to the fourth residence times. This suggests that
Run 1 was at steady state right after the first residence time. For the sake of simplicity, for the remaining runs,
Figure 9.11-Figure 9.22 show only the average CSD at the outlet of the continuous crystallizer, except when
it was not constant over time. Run 1 was performed without temperature cycling, i.e., the temperature in the hot
planar-OFC was equal to the temperature in the STC (T}, = Tsr¢). Therefore, it is not surprising that the original
CSD of the seeds has remained practically unchanged after T, (Figure 9.10 (b)) and that the seeds have
remained highly agglomerated after T, and after T, (Figure 9.10 (c), (d) and (e)).

In most cases, agglomeration is undesirable because the formation of agglomerates promotes the entrapment of
mother liquor and, therefore, compromises the purity of the dried product. In addition, agglomeration can also
give rise to broad CSDs and induce the formation of fines during storage and transport.2? Therefore, in the

remaining runs, temperature cycling was applied to reduce the amount of agglomerates in the final product.
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Figure 9.10 — Run 1. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the

continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (¢) Images of the crystals after Te.
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Figure 9.11 — Run 2. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the
continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (¢) Images of the crystals after Te.
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Figure 9.12 — Run 3. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the
continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (¢) Images of the crystals after Te.
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Figure 9.13 — Run 4. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the
continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (¢) Images of the crystals after Te.
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Figure 9.14 — Run 5. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the
continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (¢) Images of the crystals after Te.
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Figure 9.15 — Run 6. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the
continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (¢) Images of the crystals after Te.
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Figure 9.16 — Run 7. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the
continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (e) Images of the crystals after Te.
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continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (¢) Images of the crystals after Te.

182



Continuous Cooling Crystallization in a Planar Oscillatory Flow Crystallizer

(@ (b)
1z, 2, 3t, 4, 10
_O_
2.0 . 18 9 | s A-\% Seeds
L8 PRI - 16 8 - GO < Afiter Te ltr-2tr
Lo r 14 7 - A &‘\ - = - After Te 2tr-3tr
1.4 - L1 s X
Lo - 6 wne After Te 3tr-dtr
' L1065 T s
“ 1.0 1 ; < <
-8 I~ 4
0.8 -
06 - -6 3
04 - -4 2
0.2 - -2 1
0.0 T T T T T 0 0 -
0 1000 2000 3000 4000 5000 6000 0 100
1(s)

(d) After Tj,

Figure 9.18 — Run 9. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the
continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (e) Images of the crystals after Te.
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Figure 9.19 — Run 10. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the

continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (¢) Images of the crystals after Te.
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Figure 9.20 — Run 11. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the
continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (¢) Images of the crystals after Te.
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Figure 9.21 — Run 12. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the
continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (¢) Images of the crystals after Te.
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Figure 9.22 — Run 13. (a) Evolution of supersaturation and temperature at the outlet of the continuous crystallizer. (b) Evolution of the volume-based CSD along the
continuous crystallizer. (c) Images of the seeds. (d) Images of the crystals after Ty. (¢) Images of the crystals after Te.
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Effect of T},

Runs 2-5 were all performed with T.=6 °C, while T}, varied from T;,=13 °C in Run 2, to T,=15 °C in Run 3, to
T,=17 °C in Run 4, to T,=20 °C in Run 5. Figure 9.23 presents the mean diameter of the seeds, after T}, and
after T, for Runs 2-5.

250

m Seeds mAfter Th mAfter Tc
200 A

g 150 |
3
=100 |

50 A

Run

Figure 9.23 — Mean diameter of the seeds, after T, and after T, for Runs 2-5 (T.=6 °C).

In Run 2 (Figure 9.11), the temperature cycling did not a cause a significant change in the mean diameter,
neither after T, nor after T,. (In Figure 9.11 (a), the sharp increase of supersaturation and decrease of
temperature after two residence times was due to the presence of air bubbles, which were eventually removed.)
However, it is interesting to note that the concentration of paracetamol in solution reached solubility at the outlet
of the continuous crystallizer, which indicates that supersaturation had to be consumed either by secondary
nucleation or crystal growth in the cold planar-OFC. Since the mean diameter did not change significantly, it is
possible that both secondary nucleation and crystal growth coexisted in the cold planar-OFC (as suggested by
the presence of smaller and larger crystals in Figure 9.11 (e)), with secondary nucleation contributing to
decrease the mean diameter and crystal growth contributing to increase the mean diameter in identical

proportions.

In Run 3 (Figure 9.12), the temperature cycling caused a significant change in the mean diameter. Apparently,
after T, the mean diameter increased due to the selective dissolution of the smaller particles, which increased

the percentage of the larger particles; and, after T,., the mean diameter increased due to crystal growth.

In Runs 4 and 5 (Figure 9.13 and Figure 9.14, respectively), the temperature cycling caused an even more
significant change in the mean diameter. Apparently, after T,, the mean diameter decreased due to the de-
agglomeration of the larger particles, which increased the percentage of smaller particles; and, after T, the mean

diameter increased due to crystal growth.

The difference of results between Run 3 and Runs 4 and 5 is probably due to the difference in the percentage of
agglomerates in the seeds of each run. It seems like the seeds of Runs 4 and 5 had a higher percentage of

agglomerates than the seeds of Run 3. Therefore, while the decrease of mean diameter due to the de-
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agglomeration of the larger particles counterweighted the increase of mean diameter due to the selective

dissolution of the smaller particles in Runs 4 and 5, the opposite happened in Run 3.

Effect of T,

Runs 6-9 were all performed with T,=16 °C, while T}, varied from T,,=23 °C in Run 6, to T,=26 °C in Run 7,
to T;,=28 °C in Run 8, to T;,=29 °C in Run 9. Figure 9.24 presents the mean diameter of the seeds, after T}, and
after T, for Runs 6-9.
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Figure 9.24 — Mean diameter of the seeds, after T and after T, for Runs 6-9 (T.=16 °C).

In Run 6 (Figure 9.15), the temperature cycling did not cause a significant change in the mean diameter after
Ty, but it caused a significant change in the mean diameter after T,. It is interesting to note the difference of
results between Run 6 and Run 2, which had the same S, 4, but different T,.. While the mean diameter remained
practically unchanged after T, in Run 2, it increased more significantly in Run 6. This suggests that while crystal
growth and secondary nucleation were equally significant in Run 2, crystal growth was more significant than

secondary nucleation in Run 6.

In Run 7 (Figure 9.16), the temperature cycling caused a change in the mean diameter after both T, and T.
Unlike the previous case, it is interesting to note the similarity of results between Run 7 and Run 3, which had
the same S,,,,,, but different T.. In both runs, after T,, the mean diameter increased due to the selective
dissolution of the smaller particles, and after T, the mean diameter increased due to crystal growth. However,
the steady state supersaturation at the outlet of the continuous crystallizer was lower in Run 7 (S =1.1) than in
Run 3 (S =1.3). A possible explanation for this could be that crystal growth was faster in Run 7, where T,=16 °C,
than in Run 3, where T,=6 °C.

In Runs 8 and 9 (Figure 9.17 and Figure 9.18, respectively), the steady state was lost due to fouling on the
walls of the crystallization channel, which eventually caused the clogging of the continuous crystallizer. This

indicates that, in these runs, the supersaturation in the cold planar-OFC was above the metastable limit, which,
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as previously demonstrated, should be avoided to prevent uncontrolled nucleation, and also to ensure the

maintenance of steady state.

Effect of Residence Time in the Dissolution step

Runs 2 and 10, Runs 3 and 11, Runs 6 and 12, and Runs 7 and 13 were performed with identical operating
conditions, however, while there was only one hot planar-OFC in Runs 2, 3, 6 and 7, there were two hot planar-
OFCs in series in Runs 10, 11, 12 and 13. Figure 9.25 presents the mean diameter of the seeds, after T;, and
after T, for Runs 2, 6, 10 and 12 (S,,,,,=1.3) and Figure 9.26 presents the mean diameter of the seeds, after T},
and after T, for Runs 3, 7, 11 and 13 (S;,4x=1.4).
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Figure 9.25 — Mean diameter of the seeds, after T, and after T, for Runs 2, 6, 10 and 12 (Smax=1.3).
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Figure 9.26 — Mean diameter of the seeds, after T, and after T, for Runs 3, 7, 11 and 13 (Smax=1.4).

Figure 9.25 and Figure 9.26 show that the mean diameter decreases more with two hot planar-OFCs in series
than with only one hot planar-OFC (compare Runs 2 and 10, Runs 3 and 11, Runs 6 and 12, and Runs 7 and
13). This means that, with only one hot planar-OFC, the concentration of paracetamol does not reach solubility
after the dissolution step, but it does not necessarily mean that, with two hot planar-OFCs in series, the
concentration of paracetamol does reach solubility after the dissolution step. To verify this hypothesis, the

concentration of paracetamol after the dissolution step would have to be measured. Finally, Figure 9.25 and
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Figure 9.26 also show that longer residence times in the dissolution step and higher temperatures in the crystal
growth step (Runs 12 and 13) are preferred to promote the de-agglomeration of the large particles in the

dissolution step and the growth of the single crystals in the crystal growth step.

9.4 Conclusion

The continuous cooling crystallization of paracetamol from a 40% (v/v) mixture of ethanol and water was used
as a model system to investigate how temperature cycling in a planar-OFC influences the quality of the final
product.

Without seeding, paracetamol has a great tendency to nucleate and grow on the walls of the crystallization
channel, which causes severe fouling and, eventually, clogging of the continuous crystallizer. Changing the
flow rate, the oscillation intensity, the temperature, and the wall material allows to increase the operation time,
but, after some time, fouling is still observed. This means that, without seeding, the continuous crystallizer
cannot operate at steady state for a long period of time, and so, primary nucleation should be avoided in the
continuous crystallizer. This is true when paracetamol crystallizes in contact with ECTFE and PTFE, but it is
not necessarily true when paracetamol crystallizes in contact with other materials. Furthermore, this is also not

necessarily true for other compounds, which might have different affinities with different materials.

On the other hand, with seeding, the continuous crystallizer can operate at steady state for long periods of time
(at least 4 residence times, the limit time in the present work) without any signs of fouling, and much less of
clogging, as long as supersaturation is maintained below the metastable zone limit. However, the quality of the
final product largely depends on the quality of the seeds. This means that seeds with a broad CSD, with a
significant amount of fines and agglomerates, generate final products of poor uniformity. Therefore, some type
of crystal engineering strategy should be used to correct the poor quality of the seeds before they are allowed to

grow in the continuous crystallizer.

Temperature cycling can be employed to address this issue. First, the fines are dissolved and the agglomerates
are disrupted during the heating steps, and then, the remaining seeds grow during the cooling step. After
temperature cycling, the crystals have well-defined shapes, with less fines and agglomerates, which improves
the overall uniformity of the final product. Moreover, changing the residence time and the temperature during

heating and cooling provides further flexibility to control the mean size and the CSD of the final product.
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Notation

Acronyms Q Flow rate

API Active pharmaceutical ingredient S Supersaturation ratio

ATR Attenuated total reflectance S; Initial supersaturation ratio

CSD Crystal size distribution Smax Maximum possible supersaturation ratio at the inlet

ECTFE Ethylene-chlorotrifluoroethylene copolymer of the cold planar-OFC

MSMPR Mixed suspension mixed product removal t Time

OFC Oscillatory flow crystallizer T Temperature

PFC Plug flow crystallizer t, Residence time

PTFE Poly(tetrafluoroethylene) T, Temperature in the bath

SFC Slug flow crystallizer T, Temperature at the outlet of the cold planar-OFC

STC Stirred tank crystallizer T, Temperature at the outlet of the hot planar-OFC
T; Temperature in the vessel

Latin symbols Tsrc Temperature in the STC

Abs Absorbance T; Temperature in the planar-OFC

Csre Concentration in the STC T, Saturation temperature

d Crystal size %o Center-to-peak amplitude of oscillation

dp Mean diameter

f Frequency of oscillation Greek Letters

fv(d Volume-based CSD 0 Cooling rate
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Chapter 10 - Continuous Antisolvent Crystallization in a

Planar Oscillatory Flow Crystallizer

This chapter is based on: Cruz, P. C.; Rocha, F. A.; Ferreira, A. M. Tailoring the Crystal Size Distribution of an
Active Pharmaceutical Ingredient by Continuous Antisolvent Crystallization in a Planar Oscillatory Flow
Crystallizer. Chem. Eng. Res. Des. 2021, 175, 115-123.

https://www.sciencedirect.com/science/article/pii/S0263876221003506

10.1 Introduction

The pharmaceutical industry has relied on the development of new drugs for many years, while the investment
in innovative technologies has remained on a secondary plan. However, over the past few decades, the increased
entry of generic products after patent expiration, the opening of new markets, and the socioeconomic pressure
to reduce prices, have been forcing manufacturers to increase the efficiency of their processes. Batch
manufacturing has been the preference of the pharmaceutical industry for many years. However, there are
several disadvantages associated with batch manufacturing: it lacks flexibility to respond to market growth or
shortages; the production costs are usually inflated by high labor costs, excess inventories and significant down
time between batches; and, in some cases, there are also serious issues with batch-to-batch variability and scale-
up.t* Therefore, this new stimulus for innovation has highlighted the potential of continuous manufacturing to
reduce manufacturing costs, including energy consumption, footprint and labor requirements, and to improve

capacity, flexibility and quality control.?>®

The manufacture of active pharmaceutical ingredients (APIs) involves a variety of unit operations, typically a
series of reaction stages, followed by the work-up that may include operations such as extraction or
concentration steps and, finally, crystallization, filtration, drying and, in many cases, size reduction operations
such as milling.* The benefits of continuous manufacturing are particularly relevant in the crystallization step,
which largely defines the final properties of the product, including purity, polymorphism and morphology. It
also offers the possibility to control the crystal size distribution (CSD), which has a direct impact on downstream

operations and end-use properties of the product.’

Particle formation during crystallization is governed by two primary events: nucleation and crystal growth. In
addition, several other secondary events such as agglomeration, breakage, aging and ripening, may also have a

significant effect on particle attributes. Apart from nucleation and crystal growth, agglomeration is frequently
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the event with the most important effect on the CSD and crystal morphology. Agglomeration comprises the
formation of both aggregates and agglomerates. Aggregates are assemblages of particles which are loosely
attached to each other, and agglomerates are assemblages of particles rigidly joined together.2 An aggregate is
generated when two or more individual particles collide and adhere, and an agglomerate is generated when a
solid bridge is formed between the individual particles of an aggregate that is exposed to high supersaturation
for a long period. So, while aggregates can be easily disintegrated, agglomerates require brutal force to break

the solid bridges binding the individual particles.®

Agglomeration is affected by a variety of factors, some of the most important being supersaturation, particle
concentration, particle size and specific power input on the mixture. High supersaturations lead to high
nucleation rates, and consequently, to high particle concentrations. In turn, high particle concentrations lead to
high collision frequencies, and consequently, to high degrees of agglomeration. In addition, while
intermolecular forces suffice to bind very small particles in aggregates, solid bridges are required to bind larger
particles. As a consequence, smaller particles agglomerate more easily than larger particles. The effect of the
specific power input is more complex, as an increase in specific power input leads to an increase in fluid shear
rate, with impact on both agglomeration and disruption rates. As a consequence of the two opposite effects, the

agglomeration rate passes through a maximum with increasing fluid shear rate.®°

Agglomeration can be desirable or undesirable depending on the downstream operations and end-use properties
of the product. Inclusions of mother liquor and impurities entrapped in agglomerates are undesirable as they
compromise purity and contribute for the caking of crystals during storage. Agglomeration also forces a shift in
the CSD for larger sizes, which might lead to the intensification of corrective operations, such as increasing the
grinding time and/or the energy requirements for grinding, to reduce the impact of larger particles on
formulation and bioavailability of the product. Irregularly shaped agglomerates also have the potential to
produce more fines during transportation and storage. On the other hand, agglomerates with regular shapes,
mostly spherical, can improve the flowability and compaction properties of the product and enhance the

separation efficiency in solid-liquid separations, such as filtration.**-14

The crystallization equipment can also have an important impact on the final properties of the product. Plug
flow crystallizers are especially useful to control the CSD due to their ability to provide narrow residence time
distributions.’>® This category comprises a great variety of crystallizers, including the oscillatory flow
crystallizer (OFC). OFCs have been used for the continuous crystallization of a variety of APIs (aspirin,® L-
glutamic acid,* lactose,?>?* paracetamol,?>? salicylic acid,?* benzoic acid,? and an unspecified AP1%), and also
for the continuous cocrystallization of a-lipoic acid:nicotinamide.?” Cooling crystallizations have been more
common,8-222627 hyt some antisolvent,?#? and reactive® crystallizations have also been performed. Additional
auxiliary techniques, such as sonication®® and seeding!®?2627 have also been employed. In several studies,
preliminary batch experiments were performed to identify optimal operating conditions and then a linear scale-

up strategy was used to transfer the processes from batch to continuous.?>?¢2” Control of mean crystal size and
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CSD, 1921232426 nolymorphism,®?2 and agglomeration degree? has been possible. Furthermore, in some cases,
the OFCs required significantly shorter processing times than the traditional batch processes, presumably due
to their heat and mass transfer efficiency.?%? However, some problems related to the suspension and flowability
of solids have been reported. In some cases, the formation of encrustations on the surfaces of the tubes has even
lead to loss of control, blockages and, ultimately, process shut-down.®?2% Nevertheless, high oscillation
intensities and flow rates have been proved effective in reducing the deposition of solids, and, consequently, the
rate of material buildup on the walls of crystallizers. Seeding has also been successfully used to reduce the
potential for encrustation due to excessive nucleation. Additionally, it has been suggested that high

supersaturations and solids loadings should be avoided so as to prevent clogging and fouling.1%24%

In this work, the planar-OFC was tested for the continuous antisolvent crystallization of an API that is currently
produced in a traditional batch process. The main goal was to manipulate the operating conditions to produce
small crystals in order to meet very specific formulation requirements and, simultaneously, promote the

aggregation of these small crystals in weak aggregates to optimize the filtration operation.

10.2 Materials and Methods

The API, which we are unable to name for commercial reasons, is currently produced by Hovione in an
industrial stirred tank crystallizer (STC). A solution of antisolvent, hereinafter solution A, is kept at 10 °C, and
a feed solution with a concentration of API higher than 300 g L?, hereinafter solution B, is kept at 35 °C.
Solution B is slowly added to solution A over the course of several hours until the final antisolvent to feed
solution ratio V,/V5=0.5 is reached. This process has a stoichiometric yield higher than 80% and the product

consists of a broad CSD.

The crystallization of this APl presents a diversity of factors that makes its adaptation to continuous
manufacturing particularly challenging. These factors include the high viscosity and acidity of the mother liquor,
and the high particle density of the final product. On the one hand, the acidity of the mother liquor conditioned
the selection of the planar-OFC materials, and, on the other hand, the viscosity and density of the suspension

conditioned the range of the operating variables.

10.2.1 Calibration Curve

An analytic method was developed to measure the concentration of API in the mother liquor, C. A set of 8
standard solutions of API ranging from 0 to 30 mg L were prepared in triplicates at room temperature (~23 °C).

The absorbance of each standard solution, Abs, was measured by UV/Vis spectroscopy (SPEC RES+ UV/VIS-
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Sarspec) at 270 nm. Then, the linear regression equation was fitted to the experimental data by the method of
least squares. The experimental data and the calibration curve are presented in Figure 10.1. Further details are

provided in Appendix B.
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Figure 10.1 — Calibration curve for the absorbance as a function of the concentration of API in the mother
liquor at room temperature (~23 °C). The error bars represent the interval between the minimum and

maximum values of the three replicates.

10.2.2 Batch Crystallization ina STC

Batch crystallization experiments were performed in small STCs to study the effect of the ratio between the
volume of solution A and the volume of solution B, V,/Vj, on the yield, Y. 10 mL of solution B were added to
3, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mL of solution A in 12 open vessels. The mixtures were stirred
by a magnetic bar at 500 rpm for 3 hours. The final product was filtered, washed and left to dry overnight. The
mass of crystals was weighted and the yield was calculated. The final concentration of the API in the mother

liquor was measured by UV/Vis spectroscopy. Each experiment was replicated three times.

10.2.3 Crystallizer

The planar-OFC consists of a plate-like crystallizer with three stacked plates: two polycarbonate plates, one at
the base and one at the top, and one aluminum plate coated with Halar® (ethylene-chlorotrifluoroethylene
copolymer, ECTFE) plate in the middle — Figure 10.2 (a). The crystallization process takes place in a channel
designed with smooth periodic constrictions located between the middle and top plates, and the water of a
cooling/heating jacket circulates in a straight channel located between the base and middle plates. The two

channels were carved in the middle plate; the top plate seals the crystallization channel and the base plate seals
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the jacket channel. The crystallization channel has 6 access points (one main inlet, one main outlet and four
intermediate inlets/outlets) and comprises a volume of approximately 71 mL (operational volume). The
dimensions of each inter-constriction cell are presented in Figure 10.2 (b).

Intermediate

in inlet .
Main inle inlets/outlets

Plates

3 mm
13 mm

11 mm

S mm

8 mm

Main outlet

@ ®)

Figure 10.2 — Plate-like planar-OFC. (a) Three stacked plates. (b) Dimensions of each inter-constriction cell.

The crystallizer is formed by one or two planar-OFCs in series. With one planar-OFC, the crystallizer contains
an operational volume of 71 mL, and with two planar-OFCs in series, the crystallizer contains an operational
volume of 142 mL. The temperature of the crystallizer is controlled by a cooling/heating bath (Ministat 125,
Huber), and the frequency and amplitude of oscillation in the crystallizer is controlled by a linear motor
actuating a piston with a 10.3 mm diameter (H01-23x166/80, LinMot).

10.2.4 Batch Crystallization in a Planar-OFC

Batch crystallization experiments were performed in a planar-OFC. The experimental set-up is presented in
Figure 10.3. Solution A was thermostated at 10 °C by a cooling/heating bath and kept under stirring on a
magnetic stirrer (C-MAG HS 7 digital, IKA). Solution B was thermostated at 35 °C and kept under stirring on
a hotplate magnetic stirrer connected to a PT 1000 temperature sensor. The solutions were transferred by

peristaltic pumps (BT300-2J, Longer Pump).

First, the planar-OFC was filled with solution A and thermostated at the desired temperature, T. Then, solutions
A and B were injected into an aeration system at the desired flow rates, Q4 and Qp, respectively. The aeration
system comprises a static mixer and an unstirred open vessel. Solutions A and B came into close contact in the
static mixer, and then the mixture was discharged into the open vessel. The aeration system eliminated part of

a gas that is formed when the two solutions come into contact, which delays nucleation. @, and Qp were
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different in different runs to provide different ratios of flow rates, Q,/Qp, but the total flow rate, Qr = Q4 +
Qp, was set at 40 mL mint in all runs. The volume of solution in the open vessel was kept at 20 mL to impose
a short residence time of 30 s in the open vessel. Then, the mixture was injected into the planar-OFC close to
the piston, which forced solution A out of the crystallizer. When the planar-OFC was completely filled with the

mixture, the flow was stopped and the oscillation was activated at the desired frequency, f, and amplitude, x.

The final suspension was collected after a given batch time and the product was filtered, washed and left to dry
overnight. A sample of dry powder was suspended in a saturated solution of API and kept under sonication for
1 min to disperse the coarse granules that were formed after filtration and drying. Then, the CSD was measured
by a laser diffraction particle size analyzer (Coulter LS230), and the volume-based crystal sizes corresponding
to the 10", 50" and 90™ percentile of the cumulative CSD, d,,, ds, and dqg, respectively, were determined.
The final concentration of the API in the mother liquor was measured by UV/Vis spectroscopy. The morphology
of the particles was assessed by scanning electron microscopy (SEM) using a Fei Quanta 400 FEG
ESEM/EDAX Pegasus X4M (Eindhoven, The Netherlands) located at the Laboratory for Scanning Electron
Microscopy and X-Ray Microanalysis (LMEV) from the Image, Microstructure and Microanalysis Unit
(IMICROS) of the Materials Center of the University of Porto (CEMUP). The samples were first mounted on
brass stubs using double-faced adhesive carbon tape and then coated in vacuum by a thin layer of gold

(electrically conductive).
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Figure 10.3 — Experimental set-up for batch crystallization in a planar-OFC.
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A Plackett-Burman experiment was created in Minitab® to study the effects of T, V, /Vp, f and x, on the CSD.
Each factor was studied at two levels: 15 and 25 °C for T, 0.5 and 3 for V,/Vp, 2 and 6 Hz for f, and 4 and
6 mm for x, (4 and 6 mm in the piston, thus 8.3 and 12.5 mm in the straight section of the channel).

10.2.5 Continuous Crystallization in a Planar-OFC

Continuous crystallization experiments were performed in one or two planar-OFCs in series. The experimental
set-up is presented in Figure 10.4. First, the planar-OFC was filled with solution A and thermostated at the
desired temperature. Then, the oscillation was activated at the desired frequency and amplitude. After that,
solutions A and B were continuously injected into the planar-OFC close to the piston at the desired flow rates,
Q41 and Qp, respectively. An additional input of solution A was continuously injected into an intermediate inlet
of the planar-OFC at the desired flow rate, Q4. In some experiments A2 was injected into the second
intermediate inlet, in other experiments it was injected into the sixth. The total flow rate, Qr = Q41 + Q42 +

Qp, was set at 24 mL min™,

The suspension was sampled from the main outlet at regular intervals, and the crystals were filtered, washed
and left to dry overnight. The CSD of the final product, the final concentration in the mother liquor and the
morphology of the particles were assessed as previously described. For practical purposes, it was considered
that steady state was reached when the standard deviation of concentration was less than 15% of the mean

concentration.

Solution B

Planar-OFC

Figure 10.4 — Experimental set-up for continuous crystallization in a planar-OFC.
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10.3 Results and Discussion

10.3.1 Batch crystallization ina STC

A set of 12 batch experiments were performed in small STCs to investigate the effect of V, /V; on the yield. It
was interesting to note that a gas is formed after the addition of solution B (the feed solution) to solution A (the
antisolvent). It was also interesting to note that, in this process, unlike most antisolvent crystallization processes,
nucleation does not occur immediately after the addition of solution B to solution A. A possible explanation for

this could be that the solution only becomes supersaturated as the gas is released.

The initial concentration of API after de addition of solution B to solution A, C;, and the solubility of the API
after the release of the gas, C;, taken as the final concentration of API in the mother liquor after crystallization,
Cr, are plotted as a function of V, /Vg in Figure 10.5 (a). Both the initial and the final concentration of AP in
the mother liquor decrease as V, /Vy increases. The experimental and expected mass of crystallized API, m ,;s¢,
are plotted as a function of V, /Vy in Figure 10.5 (b). The expected mass of crystallized APl was calculated as
Merise = (C; — Cf) X (V4 + V). Theyield, Y, is plotted as a function of V, /Vp in Figure 10.5 (c). The mass of
crystallized API and the vyield increase as V,/Vy increases from 0.3 to 0.5, then they remain practically
unchanged as V, /Vg increases from 0.5 to 3, and finally they decrease as V,/Vy increases from 3 to 10. This
result is a consequence of the different rates at which C; and Cy decrease as V, /Vy increases. To be more specific:
when V,/V5 increases from 0.3 to 0.5, Cr decreases more than C; does, therefore the yield increases; when
V4/Vg increases from 0.5 to 3, Cr and C; decrease in a similar proportion, therefore the yield remains practically
unchanged; when V, /Vg increases from 3 to 10, Cr decreases less than C; does, therefore the yield decreases.
Finally, the mass of crystallized API per volume of solution, m.,;s:/ (V4 + V5), is plotted as a function of V, /V
in Figure 10.5 (d). Clearly, the mass of crystallized API per volume of solution decreases substantially as V, /Vp
increases. Therefore, V, /V5=0.5 seems to be optimal to maximize the yield and minimize the consumption of
antisolvent. However, V,/V5=0.5 might be impractical to operate in continuous, as such a low amount of
antisolvent implies that a suspension with high viscosity and high particle density has to be dragged along the
crystallization channel. Therefore, it is interesting to have the possibility to increase V,/V from 0.5 up to 3 to
improve the flowability of the particles and avoid fouling in the continuous process without compromising the
yield. Although this higher consumption of raw material can have negative implications from a commercial

point of view, as well as environmental impact, it can be overcome with solvent recycling.
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crystallized API per volume of solution as a function of Va/Vs. The error bars represent the standard deviation

of the three replicates.

10.3.2 Batch crystallization in a planar-OFC

In preliminary experiments, solutions A and B were directly injected into the planar-OFC. However, the
nucleation rate was not uniform: crystals appeared first close to the oscillation piston and the outlet, and only
then did they appear in the intermediate section of the planar-OFC. On the one hand, the high shear stress region
created by the oscillating motion may be responsible for reducing the induction time close to the oscillation
piston. On the other hand, the release of gas out of the crystallizer may be responsible for reducing the induction
time close to the outlet. The gas is formed when solutions A and B come into contact, and it appears to have an
inhibitory effect on nucleation. Therefore, the accumulation of gas in the intermediate section of the planar-
OFC may be responsible for increasing the induction time in this section. So, in order to remove part of the gas
and promote uniform nucleation rates throughout the planar-OFC, solutions A and B were injected into an
aeration system before entering the planar-OFC in the following experiments. The short period of time that the
mixture spends in the aeration system (30 s) is enough to allow the release of part of the gas (which reduces the
barrier for nucleation in the crystallizer), but is not enough to completely eliminate the gas out of the mixture

(which would induce nucleation in the aeration system).
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A set of 12 batch experiments (B1-B12) were performed in a planar-OFC to investigate the effects of specific
variables associated to this crystallizer. This strategy has been recommended to identify optimal operating
conditions with reduced waste of solvents/reagents before conducting the continuous experiments 22627 The

experimental conditions and results obtained in each run after 2 h of residence time are presented in Table 10.1.

Table 10.1 — Batch crystallization in a planar-OFC: experimental conditions and results obtained in each run.

Run f(H2) Xo (mm) T(°C) ValVs dyo (L) dso (Lm) dgo (Hm)
B1 2 6 15 05 0.81 10.04 24.06
B2 2 6 25 3 0.84 8.49 30.62
B3 6 6 15 3 1.27 16.85 7757
B4 2 6 25 05 1.49 11.46 33.47
B5 6 4 25 05 17 17.56 37.38
B6 6 4 25 3 1.70 13.29 53.00
B7 6 6 25 05 1.06 11.13 29.64
B8 6 6 15 3 0.58 741 46.95
B9 2 4 25 3 150 12.27 45.85
B10 2 4 15 05 1.62 14.88 38.59
B11 2 4 15 3 0.79 7.90 45.10
B12 6 4 15 05 151 15.03 39.97

Figure 10.6 presents the effects of T, V, /V3, f and x, on the volume-based CSD, f;,(d), after 2 h of residence
time. Three size fractions can be generally identified: the crystal fragments, the single crystals, and the
aggregates, in ascending order of size, as illustrated in Figure 10.7 for Run B2. The aggregates could be easily
disintegrated when a sample was slightly pressed between a slide and coverslip, so they must be classified as

aggregates and not agglomerates.

Unfortunately, due to their trimodal nature, the CSDs cannot be properly described by d,, dso and doq. Let us
take Runs B5 and B7 as an example. Figure 10.6 shows that the CSD of Run 5 is distinct from the CSD of Run
7, however, Table 10.1 shows that dyq, ds and do, are fairly similar for the two runs (Run 5: d;(=1.71 pm,
dso=17.56 pm and dq,=37.38 um; Run 7: d,=1.06 um, ds,=11.13 pm and dq,=29.64 um). Therefore, we
have based our conclusions on the qualitative effect of T, V, /Vg, f and x, on the complete CSD, in its graphical

representation, and not on their quantitative effect on d,, dso and dqg.

Figure 10.6 shows that increasing f from 2 to 6 Hz or increasing T from 15 to 25 °C does not have a significant
effect on the CSD. However, it also shows that considerably less aggregates are produced when x, increases
from 4 to 6 mm and V,/Vy increases from 0.5 to 3. This is probably due to improved particle flowability
provided by higher amplitudes, and reduced suspension density provided by higher amounts of antisolvent, both

of which reduce the probability of particle collision to form aggregates.
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Figure 10.6. Effect of f, T, xo and Va/Vs on the CSD after 2 h of residence time (from the top to the bottom).
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Figure 10.7 — SEM images of the product obtained from Run B2.

10.3.3 Continuous crystallization in a planar-OFC

Preliminary experiments

Preliminary experiments were performed to select a suitable method for the continuous crystallization of the
APl in a planar-OFC. Several methods were tested, including coupling an STC to a planar-OFC to detach the
nucleation and crystal growth steps (Method A), coupling an aeration system to a planar-OFC to remove part
of the gas in the aeration system and promote nucleation in the planar-OFC (Method B), and triggering
nucleation in the oscillation piston of the planar-OFC (Method C). Controlling the nucleation rate was a major
challenge in all methods, but even more so in Method A. Promoting nucleation in the STC and then injecting
the suspension into the planar-OFC proved to be unfeasible due to clogging in the tubing between the STC and
the planar-OFC. Moving solids in transfer lines was therefore avoided in the other two methods. In Methods B
and C, the effect of Q,,/Q5 on nucleation proved to be critical for the viability of the process. In both methods,
intense and uncontrolled nucleation, followed by fouling and clogging were observed with Q4,/Q5>1/3, but
full operability was possible with Q,4,/Qz=1/3. So, in methods B and C, the initial ratio of flow rates was
defined as Q4,/Qz=1/3 to promote nucleation under controlled conditions. Although both methods were
operable, Method C was chosen to perform the next experiments due to its simplicity compared to Method B.

Optimization of experimental conditions

In relation to f and T, batch experiments in the planar-OFC showed that changing f and T does not have a
significant effect on the CSD. Therefore, the optimal levels of f and T for continuous crystallization in the
planar-OFC were chosen based on operational aspects. On the one hand, preliminary experiments showed that

f should be kept at a low level to reduce the retention time of the gas in the planar-OFC, as low frequencies
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avoid the breakage of the gas bubbles into smaller bubbles, which are more prone to be trapped between
constrictions.®® On the other hand, T should be kept at a high level to accelerate the nucleation kinetics, as
preliminary experiments showed that increasing the temperature reduces the induction time, possibly due to the
release of the gas with an inhibitory effect on nucleation. In relation to x,, batch experiments in the planar-OFC
showed that x, should be kept at a low level to promote the formation of aggregates. However, preliminary
experiments showed that x, should be kept at a high level to improve flowability. As it is extremely important
to improve flowability to guarantee the operability of the continuous process, x, should be kept at a high level.
In relation to Q,/Qp, the optimization problem is more complex. Batch experiments in the planar-OFC showed
that V,/Vg should be kept at a low level to promote the formation of aggregates. However, preliminary
experiments showed that, on the one hand, Q,/Qg should be kept at a low level to promote nucleation under
controlled conditions, but, on the other hand, Q,/Qp should be kept at a high level to improve flowability in the
continuous process. Therefore, stream A should be divided into streams: Al and A2. Al and B should be
injected directly into the planar-OFC, close to the oscillation piston, at Q 4, /Q=1/3 to promote nucleation under
controlled conditions. Then, A2 should be injected into an intermediate inlet of the planar-OFC to improve
flowability. In order to avoid backmixing, the flow rate of A2 should not exceed the combined flow rate of Al
and B (Q42 < Q41 + Qp). Atthe limit, Q45 = Q41 + Qp. Therefore, since Q4,/Qz = 1/3 © Qp = 3Q41, then
Qur = Qa1 +3Q41 © Q4o = 4Qy4;. So, the final ratio of flow rates can be increased up to Q4/Qp =
Qa1+ 0Q42)/05 = (Qa1 +4Q41)/30Q,4, = 5/3. Inthis way, the planar-OFC is divided into two sections with
different antisolvent to feed solution ratios: the nucleation zone, located between the main inlet and the inlet of
A2 (where nucleation is dominant, while crystal growth still occurs), and the crystal growth zone, located
between the inlet of A2 and the main outlet (where crystal growth is dominant, while nucleation still occurs).
Taking all this information into account, a set of 4 continuous experiments (C1-C4) were performed in a planar-
OFC with optimized experimental conditions. The experimental conditions of each run are presented in Table
10.2 and the schematic representation of each run is presented in Figure 10.8. The evolution of the concentration
of API in the mother liquor and supersaturation ratio, S, at the outlet of the planar-OFC, and the steady state
volume-based CSDs obtained from each run are presented in Figure 10.9. SEM images of the product obtained

from each run are presented in Figure 10.10.

Table 10.2 — Continuous crystallization in a planar-OFC: experimental conditions of each run.

Run f (Hz) X (Mmm) T (°C) Qr (mL/min) Q41/0Q5 Q4/Q5 N.° of planar-OFCs in series  Inlet position of A2

C1 2 6 25 24 1/3 0.5 2 2
Cc2 2 6 25 24 1/3 1.7 2 2
C3 2 6 25 24 1/3 1.7 1 2
C4 2 6 25 24 1/3 1.7 2 6
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Figure 10.8 — Schematic representation of Runs C1-C4.
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Figure 10.10 — SEM images of the product obtained at steady state from (a) Run 1, (b) Run 2, (c) Run 3, and
(d) Run 4.
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Effect of Q41/Q5

Runs C1 and C2 were performed under the same experimental conditions, except for Q4,/Qg, With Q4,/Q5=0.5
in Run Cl and Q4,/Q5=1.7 in Run C2. Figure 10.9 (a) and (b) shows that the concentration of API does not
vary significantly between 12 and 30 min of operation in both Runs C1 and C2, which indicates that the system
operates at steady state at least after 12 min of operation (no sample was analyzed before 12 min). Figure 10.9
(a) and (b) also shows that the concentration of API practically reaches solubility in Run C2, but not in Run C1,
suggesting that a longer residence time would be necessary to achieve solubility in Run C1, which would require
more units of planar-OFCs. As to the CSD, Figure 10.9 (e) and (f) and Figure 10.10 (a) and (b) show that Run
C1 produced smaller single crystals and smaller aggregates than Run C2. This was probably because the mother
liquor was not completely desupersatured inside the crystallizer during Run C1, which limited crystal growth.

Interestingly, the percentage of aggregates was similar in both runs.

Effect of the Residence Time in the Nucleation Zone

Runs C3 and C4 were performed under the same experimental conditions, except for the residence time in the
nucleation zone, which was longer in Run C4 — Figure 10.8. Figure 10.9 (c¢) and (d) shows that the
concentration of API did not reach solubility neither in Run C3 nor in Run C4, but it reached steady state after
12 min of operation in both runs. As to the CSD, Figure 10.9 (g) and (h) and Figure 10.10 (c) and (d) show
that Run C4 produced a higher percentage of aggregates than Run C3. This could be due to the longer total
residence time of Run C4, or due to the longer residence time in the nucleation zone in particular. The results

of the following section should clarify this matter.

Effect of the Residence Time in the Crystal Growth Zone

Runs C2 and C3 were performed under the same experimental conditions, except for the residence time in the
crystal growth zone, which was longer in Run C2 — Figure 10.8. Figure 10.9 (b) and (c) shows that the
concentration of API reached solubility in Run C2, but not in Run C3, while steady state was reached after
12 min of operation in both runs. As to the CSD, Figure 10.9 (f) and (g) and Figure 10.10 (b) and (c) show that
Run C2 produced larger single crystals than Run C3, probably as a consequence of the longer residence time in
the crystal growth zone of Run C2. Interestingly, the percentage of aggregates was similar in both runs, which
supports the hypothesis presented in the previous section that the residence time in the nucleation zone, and not
the total residence time, controls the formation of aggregates. This could be due to the combination of high
supersaturation, high particle concentration and small crystal sizes in the nucleation zone, which may have

promoted the formation of aggregates.
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Therefore, the operating conditions of Run C4 should be preferred to produce a highly aggregated product with
a narrow CSD. Nevertheless, the residence time should be increased so as to improve the yield. Considering
that Run C2 reached solubility with a longer residence time in the crystal growth zone, one more planar-OFC
in series in the crystal growth zone should be enough to reach solubility with the operating conditions of Run
C4.

The volume-based CSDs obtained from a traditional batch and from Run C4 are compared in Figure 10.11. In
this figure, a logarithmic scale was not used to highlight the difference in width of the two CSDs. Clearly, the
continuous process in the planar-OFC was able to produce smaller particles with a significantly narrower CSD
than the traditional batch process in a STC. This was rather expected due the difference in the way the feed
solution is added to the antisolvent in the two processes. On the one hand, while the slow addition of feed
solution to the antisolvent in the traditional process gives time for the crystals to grow progressively over time,
the fast addition of feed solution to the antisolvent in the continuous process induces a strong nucleation which
limits crystal growth. On the other hand, while V, /Vz changes dramatically over time in the traditional process,
which leads to a broad CSD, Q,/@Qp is constant over time in the continuous process, which leads to a narrow
CSD.
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Figure 10.11 — Volume-based CSDs obtained from a traditional batch and from Run C4.

10.4 Conclusion

In this work, a continuous antisolvent crystallization process was implemented in a planar-OFC to produce an
API with a narrow CSD. The main purpose was to find an alternative to the traditional batch crystallization

process in a large STC, which produces the API with a broad CSD.

Prior to the continuous crystallization experiments, preliminary batch crystallization experiments were
performed. It was found that increasing the antisolvent to feed solution ratio can improve flowability without
loss of yield. This is very important as improved flowability reduces the potential for fouling and clogging in

the planar-OFC. It was also found that a gas, with an inhibitory effect on the nucleation of the API, is formed
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when the antisolvent comes into contact with the feed solution. This is not critical in the traditional batch
crystallization process that occurs in an open crystallizer, but it cannot be ignored in the planar-OFC. In addition,
the continuous crystallization process had to be designed for three phases, and not two as originally thought,
which added complexity to the process. With respect to operability, it was found that higher amplitudes of
oscillation are preferable to improve flowability, lower frequencies of oscillation are preferable to reduce the
retention time of the gas in the crystallizer, and higher temperatures are preferable to promote the nucleation
kinetics. As to the antisolvent to feed solution ratio, it should be lower at the beginning to prevent excessive
nucleation, and then it should be increased to improve flowability.

In the continuous crystallization experiments, the planar-OFC was divided into two spatially independent
sections so as to control the CSD as a function of the residence time in each section. The first section of the
crystallizer, where nucleation is dominant, was labeled as nucleation zone, and the second section of the
crystallizer, where crystal growth is dominant, was labeled as crystal growth zone. The main goal was to
promote the aggregation of small individual crystals in order to improve the separation efficiency of filtration
while complying with specific formulation requirements for small crystals. It was found that aggregation can
be promoted by increasing the residence time in the nucleation zone due to the combination of high

supersaturation, high particle concentration and small crystal sizes in this zone.

Finally, the planar-OFC was able to produce significantly narrower CSDs than the traditional batch
crystallization process, thus avoiding reprocessing and/or additional corrective operations. Nevertheless, further

studies are still required to optimize the residence time in order to improve the yield.

Notation

Acronyms f Frequency of oscillation

API Active pharmaceutical ingredient fr(d) Volume-based CSD

CsD Crystal size distribution Merist Mass of crystallized API

ECTFE Ethylene-chlorotrifluoroethylene copolymer Qa4 Antisolvent flow rate

OFC Oscillatory flow crystallizer Qa1 Antisolvent flow rate at Al

STC Stirred tank crystallizer Qaz Antisolvent flow rate at A2

Qg Feed solution flow rate

Latin symbols Qr Total flow rate

Abs Absorbance S Supersaturation ratio

C Concentration of AP in the mother liquor S; Initial supersaturation ratio

C; Initial concentration of API in the mother liquor t Time

Cs Solubility of the API T Temperature

d Crystal size V, Volume of antisolvent

dyg, dsgo and dgq Volume-based crystal size corresponding to the 10, Vg Volume of feed solution
50" and 90" percentile of the cumulative CSD, X Center-to-peak amplitude of oscillation
respectively Y Yield
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Final Remarks

Chapter 11 - Final Remarks

11.1 Conclusions

This thesis describes how continuous crystallization processes can be implemented in planar oscillatory flow
crystallizer (planar-OFCs) to produce active pharmaceutical ingredients (APIs) with narrow crystal size
distributions (CSDs). The operating parameters, such as the flow rate, Q, the temperature, T, the frequency of
oscillation, f, and the amplitude of oscillation, x,, and the geometric parameters, such as the cell aspect ratio,
L/W, and the ratio of the open constriction area, « = W,/W, were optimized for continuous crystallization in

three sets of experiments.

The first set of experiments (Chapters 4, 5 and 6), was performed to investigate the influence of operating
parameters and geometric parameters on the state of mixing in a planar-OFC. Let us first consider the impact
of the operating parameters. The minimum amplitude required to keep all solids in suspension in a planar-OFC
decreases as the frequency increases from 1 to 4 Hz, but it increases when the frequency increases from 4 to
8 Hz; apparently, when the frequency is higher than 4 Hz, the vortices do not have time to fully expand and
distort before the direction of the flow is reversed; as a result, the minimum amplitude required to keep all solids
in suspension significantly increases. Therefore, moderate frequencies, between 3 and 4 Hz, are optimal to keep
solids in suspension. Furthermore, when the planar-OFC is operated in batch, both the increase of radial mixing
resulting from increasing the frequency and the increase of axial mixing resulting from increasing the amplitude
contribute to decrease the mixing time; however, when the planar-OFC is operated in continuous, the increase
of radial mixing resulting from increasing the frequency contributes to decrease the axial dispersion, whereas

the increase of axial mixing resulting from increasing the amplitude contributes to increase the axial dispersion.

Let us now consider the impact of the geometric parameters. The minimum amplitude required to keep all solids
in suspension in a planar-OFC changes as L/W increases from 3.00 to 4.25, and « increases from 0.19 to 0.41;
however, increasing L/W has a stronger impact on the suspension of solids than increasing a. In addition, when
the planar-OFC is operated in batch, the mixing time decreases as L/W increases and a decreases; however,
when the planar-OFC is operated in continuous, the axial dispersion decreases as L/W decreases and «

increases.

Moreover, the operating parameters and the geometric parameters can be adjusted so as to minimize the
difference between the state of mixing in the liquid phase and in the solid phase. This is important because the
crystallization process involves the contact and the migration of molecules between a liquid phase (the

supersaturated solution) and a solid phase (the growing crystals).
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Chapter 11

The second set of experiments (Chapters 7 and 8) was performed to investigate the influence of the oscillation
conditions on the nucleation and crystal growth kinetics in a planar-OFC. In this second set of experiments, the
isothermal crystallization of paracetamol was used as a case study. On the one hand, the oscillation conditions
have a significant effect on the nucleation rate: the nucleation rate increases as the amplitude increases at both
low and high frequencies; similarly, it also increases as the frequency increases at high amplitudes, but it
decreases at low amplitudes. This reflects the same impact that the combination of high frequencies and low
amplitudes has on the suspension of solids. Therefore, when a large number of small crystals are desired, high
frequencies should be combined with high amplitudes to generate high nucleation rates; whereas, when a small
number of large crystals are desired, intermediate to high frequencies should be combined with low amplitudes
to generate low nucleation rates. On the other hand, the oscillation conditions have a minor effect on the crystal
growth rate. Ultimately, this means that, to gain control over the CSD, one cannot rely on the effect of the
oscillation conditions on the crystal growth step alone, but rather on their relative impact on the nucleation and
crystal growth steps.

The third set of experiments (Chapters 9 and 10), was performed to demonstrate how continuous crystallization
processes can be implemented in planar-OFCs. In this third set of experiments, two case studies were
investigated: the cooling crystallization of paracetamol, and the antisolvent crystallization of a commercial API.
When the solute has a high affinity with the crystallization channel wall material, fouling cannot be avoided due
to crystal growth on the surface of the crystallization channel walls. Changing the flow rate, the oscillation
intensity, the temperature, and the wall material allows to increase the operation time, but, after some time,
fouling cannot not be prevented. In such cases, primary nucleation should be avoided and seeding should be
used instead. Furthermore, the planar-OFC can be divided into spatially independent sections with different
operating conditions in each section to provide further flexibility to control the mean size and CSD of the final

product.

In summary, this thesis demonstrates, that when an API is produced by continuous crystallization in a planar-
OFC, the operating parameters and the geometric parameters can be adjusted so as to gain control over the CSD.
Ultimately, this allows to reduce manufacturing time and operational costs related to downstream corrective

operations.

11.2 Recommendations for Future work

Some recommendations for future work:

o In this thesis, the state of mixing was evaluated in three planar-OFCs with different geometries. This is

significant, but provides limit information about the global optimal geometry. Therefore, in the future, more
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Final Remarks

planar-OFCs with different geometries could be constructed and tested to further improve the state of mixing
in the crystallizer.

In this thesis, the minimum mixing intensity required to keep all solids in suspension in the planar-OFC was
determined. In the future, the minimum mixing intensity required to keep all solids uniformly distributed in
the planar-OFC could also be determined. This would guarantee that the solids are not only suspended, but
also evenly distributed in the planar-OFC, which is important to reduce the concentration gradients and, thus,
improve the homogeneity of the suspension inside the crystallizer.

In this thesis, an ATR-UV/Vis probe was used to monitor the concentration of solute in the mother liquor at
a fixed point in the planar-OFC. This is significant, but provides limit information about the supersaturation
profile inside the planar-OFC. Therefore, in the future, multiple optic fibers could be used to measure the
concentration of solute in the mother liquor at different points in the planar-OFC.

In this thesis, samples were collected to measure the CSD of the final product offline by laser diffraction. In
the future, an image analysis software could be used to measure the CSD of the final product in real-time so
as to avoid sample preparation and time delays. In addition, the image analysis software could be used to
measure the percentage of agglomerates/aggregates, single crystals and fines in the final product, which
would provide further process understanding.

In this thesis, the capabilities of the planar-OFC were tested for cooling and antisolvent crystallization. In
the future, the capabilities of the planar-OFC could also be tested for reactive crystallization. The excellent
mixing performance of planar-OFCs could be particularly useful to enhance the homogeneity of the mixture
of different reagents.

In this thesis, the capabilities of the planar-OFC were tested to gain control over the CSD. In the future, the
capabilities of the planar-OFC could also be tested to gain control over crystal shape and polymorphism.

In this thesis, the material of the planar-OFC was changed to reduce the risk of fouling in the crystallization
channel. In the future, more planar-OFCs with different materials could be constructed and tested to further
reduce the risk of fouling in the crystallization channel.

In the future, planar-OFCs with different scales could be constructed and tested to establish suitable scale-

up rules for planar-OFCs.
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Calibration Curves for the Concentration of Paracetamol in a 40% (v/v) mixture of Ethanol and Water

Appendix A - Calibration Curves for the Concentration
of Paracetamol in a 40% (v/v) Mixture of Ethanol and
Water

The linear regression equation, variables and parameters for each calibration curve are presented in Table A.1.
Five validation parameters were used to validate each calibration curve: linearity, precision, accuracy, limit of
detection and limit of quantitation. The methodology used to assess each validation parameter is presented in

Table A.2 and the result for each validation parameter is presented in Table A.3.

Table A.1 — Linear regression: equation, variables and parameters.

Linear regression equation: y = (a + ts,)x + (b + ts;)

Variable Definition
y Dependent variable: absorbance (Abs)
x Independent variable: concentration of paracetamol (C) in g kg*

Value
Parameter  Definition T=10°C  T=15°C  T=20°C _ T=25°C _ T=30°C _ T=35°C
n Number of calibration points 6 6 6 6 6 6
a Slope (kg g%) 0.00236 0.00250 0.00232 0.00249 0.00241 0.00231
b Intercept -0.001 0.003 -0.001 0.001 0.002 0.01
t t-statistic for n — 2 degrees of freedom 2.7764 with a significance level « = 0.05
Sa Standard deviation of the slope (kg g% 0.00003 0.00003 0.00003 0.00004 0.00002 0.00005
Sp Standard deviation of the intercept 0.002 0.002 0.002 0.004 0.003 0.01
tsy Confidence interval of a (kg g™) 0.00009 0.00008 0.00007 0.00012 0.00007 0.00013
tsp Confidence interval of b 0.005 0.005 0.007 0.011 0.008 0.02

Table A.2 — Methodology used to assess each validation parameter

Parameter Methodology
Linearity Linearity was assessed based on the coefficient of determination (R?) and the statistical significance of a and b. R? >

0.995 is generally considered as evidence of acceptable linearity. In addition, a should differ statistically and
significantly from 0, whilst b should not differ statistically and significantly from 0. Therefore, the t-statistics of a (t,)
should be higher than the critical value (t..;; = 2.7764) and the t-statistics of b (t;) should be lower than ¢,;;.

Precision Precision was assessed based on repeatability. The concentrations of 3 replicates of 3 standard solutions of paracetamol
were calculated from the calibration curve. The average coefficient of variation of the three series (CV}..,,) was calculated
to express precision.

Accuracy Accuracy was assessed based on percent recovery (RE), calculated as the ratio between the concentration obtained from
the calibration curve and the actual concentration of a standard solution of paracetamol. The concentrations of 3
replicates of 3 standard solutions of paracetamol were calculated from the calibration curve. The average RE of the three
series was calculated to express accuracy.

Limit of detection LOD was calculated based on s, and a as LOD = 3.3s,,/a.

Limit of quantitation ~ LOQ was calculated based on s, and a as LOQ = 10s,,/a.
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Table A.3 — Result for each validation parameter.

Result
Parameter T=10°C T=15°C T=20°C T=25°C T=30°C T=35°C

Linearity R? =0.999 R? =0.999 R? =0.999 R? =0.999 R? = 1.000 R? = 0.998

t, = 75.321 t, = 84.318 t, = 87.603 t, =57.678 t, = 101.011 t, = 47.719

t, = —0.93 t, = 1.468 t, = —0.247 t, = 0.364 t, = 0.555 t, = 1.048
Precision CVrep = 4% Ve = 6% CVep = 1% CVep = 1% CVrep = 1% CVrep = 1%
Accuracy RE =100% RE =101% RE =100% RE = 100% RE =101% RE = 100%
Limit of detection LOD =3 gkg! LOD =2 gkg! LOD =3 gkg! LOD =5 gkg! LOD = 4 gkg! LOD =8 gkg!
Limit of quantitation LOQ = 8 g kg* LOQ = 7 gkg? LOQ=11gkg! LOQ=16gkg? LOQ=12gkg! LOQ=25gkg?
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Calibration Curve for the Concentration of API in the Mother Liquor

Appendix B - Calibration Curve for the Concentration of
API in the Mother Liguor

The linear regression equation, variables and parameters for the calibration curve are presented in Table B.1.

Five validation parameters were used to validate the calibration curve: linearity, precision, accuracy, limit of

detection and limit of quantitation. The methodology used to assess each validation parameter and respective

result is presented in Table B.2.

Table B.1 — Linear regression: equation, variables and parameters.

Linear regression equation: y = (a £ ts,)x + (b + ts})

Variable Definition

y Dependent variable: absorbance (Abs)

x Independent variable: concentration of API (C) in mg L*

Parameter Definition Value

n Number of calibration points 8

a Slope (L mg™) 0.035

b Intercept -0.01

t t-statistic for n — 2 degrees of freedom 2.447 with a significance level a = 0.05

Sa Standard deviation of the slope (L mg™) 0.0006

Sp Standard deviation of the intecerpt 0.01

ts, Confidence interval of a (L mg™) 0.002

tsp Confidence interval of b 0.03

Table B.2 — Methodology used to assess each validation parameter and respective result.

Parameter Methodology Result

Linearity Linearity was assessed based on the coefficient of determination (R?) and the statistical R? =0.998
significance of a and b. R? > 0.995 is generally considered as evidence of acceptable linearity. In t, = 56.142
addition, a should differ statistically and significantly from 0, whilst b should not differ statistically ¢, = —0.976
and significantly from 0. Therefore, the t-statistics of a (t,) should be higher than the critical value
(terie = 2.447) and the t-statistics of b (t;,) should be lower than t ;.

Precision Precision was assessed based on repeatability. The concentrations of 3 replicates of 3 standard CVep = 5%
solutions of API (5, 15 and 25 mg L) were calculated from the calibration curve. The average
coefficient of variation of the three series (CV,.,,) was calculated to express precision.

Accuracy Accuracy was assessed based on percent recovery (RE), calculated as the ratio between the RE =98%
concentration obtained from the calibration curve and the actual concentration of a standard
solution of API. The concentrations of 3 replicates of 3 standard solutions of API (5, 15 and
25 mg L) were calculated from the calibration curve. The average RE of the three series was
calculated to express accuracy.

Limit of detection LOD was calculated based on s, and a as LOD = 3.3s,/a. LOD=1mgL?

Limit of quantitation LOQ was calculated based on s;, and a as LOQ = 10s,/a. LOQ=3mgL?
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