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ABSTRACT

Crystallization is an important process occurring in nature, pharmaceutical, and food industries. It is one of
many widely used unit operations for the separation and purification of chemicals industrially. Despite its
far-reaching application in fine chemicals and active pharmaceutical ingredients production, the stochas-
tic nature of nucleation makes it difficult to obtain crystals with reproducible properties like size, structure,
purity, and polymorphic form. The accidental discovery of Non-Photochemical Laser-Induced Nucleation
(NPLIN) in 1996 emerged as a novel technique to tame the crystallization process. Since the laser provided
better spatiotemporal control over crystal properties in a solution, NPLIN gained abundant traction over
past decades in the vial and microfluidic scaled experiments.

On the contrary, this research studies the NPLIN effect in potassium chloride (KCl) solution on a liter scale.
A batch cooling crystallizer coupled with an irradiation source in the form of the laser beam is investigated
here as proof of the concept study. NPLIN experiments were conducted in batch crystallizer and were com-
pared with the control experiments. Interestingly, the laser source reduced the induction time of nucleation
compared to control experiments. This phenomenon showed that the nucleation kinetics can be controlled
using laser properties. Furthermore, it was observed experimentally that the nuclei generated by laser in
an undersaturated solution can be grown to a detectable size provided the supersaturation is increased.
It was also observed that the crystal number density was more with the multiple pulses as compared to a
single pulse owing to the large exposed volume by irradiation of multiple pulses in agitated bulk solution.
Finally, the offline particle size distribution (PSD) comparison was done. The dominant size of crystals was
100-200 pum for the control experiment whereas, it was 300-500 pm for the NPLIN experiment. It revealed a
clear shift in the peak of the dominant size of crystals indicating a growth dominant event in NPLIN exper-
iments. Appealingly, the nature of PSD generated by laser irradiation was found similar in all repetitions. It
is hypothesized that the laser generates the seeds which grow in the metastable region.

This research study provides the basis for the NPLIN study in the system resembling industrial conditions.
This, in turn, will aid in the understanding of the nucleation process and, ultimately, the optimization of in-
dustrial crystallization. The results obtained can also be used to develop mathematical models for particle
size distribution.
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INTRODUCTION

“I am among those who think that science has great beauty.”
—Marie Curie

1.1. MOTIVATION

RYSTALLIZATION is one of the vital separation techniques used in the process industry. A plethora of
chemicals can be produced by this technique industrially[1]. Du Pont, one of the largest chemical
manufacturers estimated in 1988 that around 70% of the product involves crystallization process|2].
The crystallization process is also used as separation and purification techniques in pharmaceutical indus-
tries. In 2017, it was estimated that the total worldwide pharmaceutical market value at ex-factory prices
was around 208.95 Billion Euro and the dutch pharmaceutical production was around 6.18 Billion Euro[3].
From these statistics, it is evident that crystallization holds a large economical share.

Crystallization can be defined as the phase change process in which crystalline product is separated from
the solution. The crystallization phenomenon comprises two steps: nucleation and growth[4]. However,
the working mechanism of nucleation is still not fully comprehended[5]. This can be attributed to the size
and time scales that make it difficult to observe it[6]. This makes it difficult to obtain reproducible crystal
properties industrially. Hence, a comprehensive understanding of the crystallization process at the funda-
mental and molecular level is required for the improvement of industrial crystallization. This in turn will
help to achieve better control over crystal purity, size, shape, and polymorphism, also known as the four
pillars of crystal engineering.

The driving force for crystallization is supersaturation. Based on this, there are different crystallization
techniques used industrially. In these techniques, the supersaturation is increased in a controlled man-
ner. It can be achieved by slow cooling of solute known as cooling crystallization, evaporation of the solvent
known as evaporative crystallization, or by addition of antisolvent to the solution. However, the control over
crystal properties is very less by using these techniques|7]. Therefore, novel experimental techniques are
developed such as sonocrystallization[8], microwave-assisted crystallization[9], and non-photochemical
induced nucleation (NPLIN)[5]. This report focuses on the understanding of NPLIN.

NPLIN is the physiochemical phenomenon in which a light source such as an intense nanosecond laser
pulse induces nucleation in a relatively lower supersaturated solution that usually takes a longer time to
nucleate. It was first observed by Garetz et al. in 1996 in an attempt to observe the second harmonic gen-
eration in supersaturated aqueous urea solution[10]. After some time of laser irradiation, needle-shaped
crystals aligned with the laser electric field were observed without affecting the chemical composition. It
emerged as a novel technique to tame the crystallization process. It influences the nucleation energy bar-
rier at the molecular level, unlike the classical crystallization mechanisms that rely on overall supersatu-
ration. In literature, there are various possible mechanisms like optical Kerr effect, dielectric polarization,
and nano-particle heating[10-12]. But, these proposed mechanisms are inconsistent and cannot explain
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the nucleation completely. Due to the debatable proposed mechanisms, it is a challenging task to imple-
ment it on industrial scale. Moreover, it has also been observed that the laser properties like intensity, pulse
duration, and the number of pulses influence the crystal characteristics[13]. Due to this, it opens a new
domain of research to tame the crystallization by using NPLIN.

1.2. RESEARCH GOALS

The goal of this project is to build a proof of concept of batch cooling crystallizer coupled with an irradia-
tion source in the form of a laser beam to understand NPLIN in a liter scale volume. The developed batch
cooling crystallizer setup will be used to conduct control experiments and compare laser-induced nucle-
ation experiments to control experiments. Additionally, the onset of nucleation will be recorded with inline
instruments: FBRM (Focused Beam Reflectance Measurement), and SOPAT (Smart Online Particle Analysis
Techniques). This thesis work is dedicated to the development of an innovative laser-assisted prototype
that aims at providing temporal and spatial control of crystals in flow reactors.

A batch cooling crystallizer is used for the initial proof of concept. The experimental conditions resem-
ble quite closely industrial conditions and most importantly it has a mixing condition similar to the pre-
vious one. In this project, conventional cooling crystallization is studied with recently developed NPLIN
experiments. This will provide better insight to understand the behaviour of light source on the conven-
tional batch cooling experiments. NPLIN is dedicated to studying the stochastic nature of nucleation, so
this setup will help to understand the nucleation mechanism in industrial processes with better control of
crystal size, polymorphism, and number density.

1.3. THESIS OUTLINE

This project starts with a literature review and subsequent chapters follow a chronological order: solubility
studies of aqueous potassium chloride and its dependency on temperature, the development of setup with
control experiments of cooling crystallization, laser experiments on the batch crystallizer to study the effect
on induction time, and particle size distribution. Each chapter is further divided into various sub-sections
with theory, equipment description, materials and methods along with necessary results and discussion.






THEORY & LITERATURE REVIEW

“Everything is theoretically impossible, until it is done.”
—Robert A. Heinlein

2.1. INTRODUCTION

HIS chapter entails the background of crystallization, the nucleation mechanism, and the factors
affecting the nucleation. Additionally, it also provides information about the conventional batch
cooling crystallization and the Non-Photochemical Laser-Induced Nucleation (NPLIN). This chap-
ter builds the theoretical context for various terminologies and concepts that are used in the development
of the research work.

2.2. CRYSTALLIZATION

Crystallization is a phase change process in which the randomly organized solute molecules in fluid come
together to form an ordered three-dimensional crystal structure[4]. This phenomenon occurs in two main
steps. The first step is nucleation in which the cluster of solute particles come together to form a nucleus.
Subsequently, the growth of this nucleus takes place as an independent unit in an orderly well defined
molecular arrangement know as crystal lattice as shown in Figure 2.1[14]. The unpredictability of cluster
size and structure makes this process stochastic. The initial orientation and structure at the onset of nucle-
ation also determine the final crystal arrangement([4].

<+«—— Potassium ion (K*)

<+—— Chloride ion (CI")

Figure 2.1: Crystal lattice structure of KCI [15]
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2.3. NUCLEATION MECHANISM

Crystallization starts with the birth of a crystal in the nucleation phase. The fundamental driving force for
crystallization is the chemical potential difference between the given solute in the solution and the gener-
ated crystal. After assuming the solution to be an ideal solution, the relation between the chemical potential
and supersaturation is given by Equation 2.1, where Ay is the chemical potential difference, R is the uni-
versal gas constant, T is absolute temperature, a is the activity of solute, and a* is the activity of solute at
equilibrium[16].

Ap .

BT = In(a/a*)=InS. (2.1)
Ideally, there exists a maximum amount of solute that can dissolve in a solvent at a given temperature. This
is known as the saturation limit. If there is more solute than the saturation limit, it is known as a supersat-
uration solution. Whereas, if the solute is less than the saturation limit, it is known as an undersaturation
solution. The supersaturation (S) is defined as the ratio of the solute concentration to the solute solubility
at that temperature. It is given by Equation 2.2 where C is the solute concentration and C* is the solute
solubility at a given temperature. The supersaturation of a compound can be varied by changing the tem-
perature. The relationship between the solubility and the temperature is given by the solubility diagram as
shown in Figure 2.2.

A Metastable limit
s /l.
— Labile zone i Solubility
T “metastable , y _ g _ .
c@e ol Hsoino™ Pae = Hoiuge
8= L -
=0 A
ow - o
L -
£2 = o
ug e @
ERL
0 S|~ Ssupersaturated solution
2 ul:-lluu 2 ui!nli-tu) 0
Undersaturated solution
™ Mo, < 0
Temperature [°C]

Figure 2.2: Solubility curve with metastable zone width. Image taken from[17].

Figure 2.2 is classified into three regions based on the likelihood of a solution undergoing nucleation. These
are undersaturated, metastable, and labile zone. The stable zone is bounded by the equilibrium line and the
solution remains always in undersaturated condition. The metastable and labile zone corresponds to the
supersaturated region. In the metastable zone, no spontaneous nucleation takes place wherein labile zone,
spontaneous uncontrolled nucleation takes place. There is no clear boundary line exists between these two
zones. The boundary line mentioned here depends on various factors such as heating and cooling rates or
the volume of the solution[18]. To understand the crystallization more effectively, a better grasp of nucle-
ation and crystal growth is necessary.

The basic apprehension of the nucleation mechanism can be done by classifying it into broader groups
which are shown in Figure 2.3.

Primary nucleation takes place spontaneously in the bulk of liquid where no pre-existing nucleus is present.
It is further classified into two groups: homogeneous and heterogeneous nucleation. Homogeneous nucle-
ation refers to nuclei formation in the absence of any crystalline surface. It is very difficult to observe homo-
geneous nucleation due to the unavoidable presence of crystalline surfaces such as impurities, crystallizer
walls, or stirrer. These nanoparticle impurities can also enter into the system either through sample prepa-
ration or already present in the sample. Contrarily, the heterogeneous nucleation takes place in presence of
foreign particles like dust or impurities that are present in the solution. These foreign particles act as active
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Homogeneous
(Spontaneous)

Pri
rimary Heterogeneous
(Induced by foreign
particles)

Nucleation
\ Secondary Seeding, Abrasion

(Induced by and/or other factors
solute crystals)

Figure 2.3: Classification of nucleation types[16]

sites increasing locally the probability of nucleation as compared to other sites in bulk liquid[19].

Secondary nucleation takes place in the presence of pre-existing crystals known as seeds. These seeds act as
catalysts for nucleation. As shown in Figure 2.4 the secondary nucleation takes place either on the surface
of the seeds, the interaction of crystal with each other or with the surface of the crystallizer, or the particles
formed by the breakage of fully grown crystals[4].

a) '

/4
¢ @

b) ¢)

Figure 2.4: Secondary nucleation due to (a) shear force applied by fluid layer, (b) impact from other crystal particle or
impeller, and (c) breakage of crystals due to mechanical impact. Image taken from literature[20].

There are two theories available in the literature explaining the nucleation mechanism: Classical nucleation
theory, and Two-step nucleation theory.

2.3.1. CLASSICAL NUCLEATION THEORY

Classical nucleation theory (CNT) is the oldest and widely used nucleation mechanism to explain homoge-
neous nucleation. It was originally developed by Volmer and Weber in 1913[21] to explain the condensation
of the vapor phase into the liquid but it can also be used as an analogy to explain the crystallization. At the
end of the 19th century, the thermodynamic description of CNT was given by Gibbs[14]. He defined the
total free energy required for the cluster formation (AG) as the algebraic sum of volume free energy change
(AG,)when solute precipitates as crystals, and the surface free energy change (AG;) due to interface formed
between crystal and bulk liquid.

AG = AG, + AGs. (2.3)

In Equation 2.3, the first term favors the nucleation of crystals. This is because the solid state is thermo-
dynamically more stable than the liquid state. Contrarily, the second surface term becomes positive pro-
portionally to the surface formed due to crystal formation, hence favours the dissolution of the generated
nucleus. Therefore, the total free energy (AG) is the final result of these two competing factors. As it can be
seen in Figure 2.5, the total free energy reaches a maximum (AG*) at critical radius (r*), after which total
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Interfacial
+ Energy
AG
AG
r' \
Volume
energy

Figure 2.5: Free energy barrier in classical nucleation theory. Image taken from literature[22]

free energy decreases with an increase in cluster radius (r). The minimum energy needed for the clusters
to grow is given by Equation 2.4
_Anor*?

3

AG* (2.4)

This theory is based on the assumption that all nuclei clusters are spherical and the interaction between
clusters, or pre-existing nuclei is ignored. All clusters grow into an orderly molecular arrangement called a
crystal lattice. This makes the theory analytically simple to apply. The steady-state nucleation rate (J) i.e.,
the number of crystals formed per unit volume per unit time according to CNT is given by Equation 2.5[21].

J=A (‘AG* ) (2.5)

= Aex , .
P kg T

where kg is Boltzmann’s constant and A is pre-exponential factor. However, this theory does not provide

details about the path followed by prenucleation clusters to develop into a fully grown crystal.

2.3.2. TWO-STEP NUCLEATION THEORY (TST)

This theory was proposed initially to explain the crystallization in short-range interacting molecules like
protein and globular molecules in solution[14]. It assumes that the clusters of solute molecules have to
overcome two energy barriers: first amorphous high dense liquid-like clusters are formed due to density
fluctuations and then molecular rearrangements take place to orderly arranged stable nucleus[14]. The
main difference between CNT and TST is explained via Figure 2.6 showing the routes of crystal formation.
The later step of rearrangement in TST is proposed to be the rate-determining step thus explaining why
complex molecules take a longer time to crystallize[14].

O

Energy
Energy

E—

Figure 2.6: Different pathways in Classical nucleation theory(left), and Two-step nucleation theory(right). Image
taken from literature[23].

v
y
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2.4. BATCH COOLING CRYSTALLIZATION

The batch crystallizers are widely used in pharmaceutical and fine specialty chemicals manufacturing in-
dustries where the crystalline product is obtained at the end of each batch cycle. It is relatively simple in
operation and requires less maintenance. In this, the cooling is done via heat exchange between the bulk
solution and the coolant fluid. The driving force for crystallization is supersaturation. The desired super-
saturation is achieved by decreasing the temperature at a particular cooling rate. The crystalline product is
obtained upon reaching desired supersaturation. This process is mainly used for systems with steep solu-
bility curve[4].

In batch cooling crystallization, the control of final crystal size distribution, crystal purity, and morphology
is challenging due to the complexity and non-linearity of the process[24]. It is, therefore, very important to
control the various process parameters as explained in this section.

° Agitation rate

The mechanical disturbances always facilitate the nucleation event, however, the agitation rate is not
always proportional to nucleation rate due to complex relationships between them[25]. In batch crys-
tallizer, the agitation is mainly done by an impeller. The type of impeller used plays a huge role in both
the mixing and secondary nuclei generation. At a low stirring rate, the mixing will be non-uniform,
and only very few nucleated crystals will be exposed to different hydrodynamic conditions. Due to
this, particular size grown crystals will settle to the bottom of the vessel and the growth rate will be
decreased[24]. At a high stirring rate, all nucleated crystals will expose to favorable hydrodynamic
conditions required for mass transfer, and hence all crystals are bigger with regular shape[24]. Thus,
the stirring governs the hydrodynamic condition inside the crystallizer which in turn has a large effect
on the metastable zone width. However, a higher stirrer rate also promotes the secondary nucleation
due to breakage of grown crystals by shear force of impeller[26]. Therefore, an optimum stirring speed
needs to be maintained to avoid the breakage of crystals with favorable hydrodynamic conditions for
mass transfer.

* Cooling profile

The supersaturation can be controlled by manipulating the temperature of the solution. The super-
saturation quantifies the excess solute present in the bulk solution. At high supersaturation, the ten-
dency of crystallization is more and once nucleated, it will grow in a specific molecular orientation
until the bulk solution reaches saturation level at that temperature. Since the supersaturation is the
driving force for the crystallization so the cooling profile predominantly governs the nucleation ki-
netics. At a fast cooling rate, higher supersaturation is achieved very soon which results in a higher
nucleation rate with a large number of crystals with smaller size[24]. The nucleation rate and growth
rate compete with each other to consume the supersaturation provided if supersaturation is continu-
ously being generated. If the cooling rate is slow then supersaturation is maintained for a longer time
which will facilitate the growth of crystals[24]. Noteworthy here is that 'fast’ and 'slow’ cooling rates,
and supersaturation rates are relative to each system.

The cooling profile largely affects the final particle size distribution (PSD) of crystals. For example, the
linear cooling profile generates the broader PSD of crystals with a smaller mean size[4]. Additionally,
the model-based optimum cooling strategy is also developed to achieve narrower PSD with a large
mean size of crystals[27, 28].

* Impurities

The nucleation probability increases significantly with the presence of impurities in the bulk solution.
As described in the previous section, it induces heterogeneous nucleation by providing an extra sur-
face. These impurities can be dirt/dust present in the environment or they can come from the vessel
wall. If the stirrer is not chosen wisely then impurities can come in the form of small particles sheared
off from the stirrer. Impurities can also enter into the system while sample preparation or can already
be present as chemical impurities in solute and solvent. These impurities can affect the nucleation
kinetics, the growth rate, habit, and crystal morphology[29].
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2.5. NPLIN

Non-Photochemical Laser-Induced Nucleation (NPLIN) was discovered by Garetz et al.[10] while studying
the laser properties in a supersaturated solution of urea. It was observed that Q-switched Nd:YAG nanosec-
ond pulsed laser can induce nucleation and reduces drastically the time required for crystallization at par-
ticular supersaturation. The alignment of the crystals was also controlled by the polarization of the light[10].

NPLIN is one of the novel methods to enhance the control over crystal properties in industrial processes.
NPLIN experiments were successfully conducted on various inorganic and organic chemicals like KCI, sul-
fathiazole, glycine, L-histidine, hen egg white protein in solvents like water, ethanol, and agarose gel[30-34].
The term 'Non-Photochemical’ is used because the laser beam does not change the chemical properties of
the solution[35]. NPLIN provides a high degree of temporal and spatial control in crystallization, as com-
pared to other nucleation methods. It has a certain experimental intensity range as shown in Figure 2.7.
Hence, the first recommended step is finding out this experimental range before developing any experi-
mental setup for NPLIN experiments.

NPLIN Solid ionisation  Liquid ionisation Gas ionisation

Intensity

A

Experimental
intensity range

Figure 2.7: Observed thresholds for NPLIN, and solid, liquid and gas ionization. Image taken from literature[36].

2.5.1. THEORY BEHIND NPLIN

Despite the vast experimental evidence of NPLIN on various systems, no consensus has been achieved on
its main governing mechanism. The subsections further illustrate the various proposed mechanisms men-
tioned in the literature.

2.5.1.1. OrTicAL-KERR EffecT (OKE)

Garetz et al.[10] first proposed this mechanism to explain the formation of needle-shaped crystals in the
NPLIN experiment of supersaturated urea solution. It was hypothesized that the oscillating electric field of
the incident beam induces a dipole moment in solute molecules which aligns the anisotropic polarization
axis of the randomly organized cluster into the direction of the incident beam. This facilitates the pre-
clusters into a more organized molecular arrangement and aids the formation of crystals as shown in Fig-
ure 2.9. This hypothesis was further used to explain the formation of different polymorphs or crystal struc-
tures depending on the polarization of the incident beam, known as "Polarization Switching’[30], where a
linearly polarized incident beam can induce y form of glycine whereas a circularly polarized incident beam
can induce a form of glycine in supersaturated solution[37]. Similar polarization switching in aqueous so-
lution of 1-histidine was also reported[31]. However, this hypothesis fails to explain the mechanism behind
NPLIN in carbonated water and halides and raising doubt on its validity[38]. It was also reported that the
interaction energy between the incident electric field and induced dipole is much lower than the laser in-
tensity used[37]. Hence, the torque applied on solute molecules will be insufficient to reduce the energy
barrier. Knott et al. [39] did Monte Carlo simulation to study OKE and concluded that the experimental
electric field strengths will be insufficient to reduce the energy barrier required for nucleation.
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Figure 2.8: Schematics of OKE hypothesis in which laser electric field induces dipole in prenucleating clusters
resulting into alignment of clusters in the laser electric field direction leading to crystal formation. Image adapted
from literature[23].

2.5.1.2. ISOTROPIC ELECTRONIC POLARIZATION

The OKE model fails to explain the cubical shape of KCl crystals which lacks the preferential polarization
axis. So, a new mechanism of isotropic electronic polarization was proposed by Alexander et al. while per-
forming NPLIN experiments with KCl at laser peak intensities much lower than Garetz et al[33]. The electric
polarization of atoms refers to the shift of the electronic clouds towards the positively charged clusters. The
incidence of the laser pulse on solution makes the electric field of the laser polarize the subcritical clusters
of the nuclei resulting in the decrease of its free energy barrier. Mathematically, the free energy barrier is
proportional to -(e-€5) E? where ¢ p» €s are dielectric permittivity of solute and solvent respectively and E is
the applied electric field. The cluster formed will be stable as long as €, > €5[11]. This reduction in energy
barrier leads to the formation of a stable cluster slightly lower than the critical radius and development into
the macroscopic crystal as explained in Figure 2.9. This theory explains the nucleation mechanism in most
alkali halides but failed to explain the phenomenon on other systems, e.g. carbonated water, as well as the
polarization switching[5].
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>
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: ¥
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Figure 2.9: Reduction in energy barrier of prenucleating crystals due to dielectric polarization as suggested by Ward et
al. [40].

2.5.1.3. NANO-PARTICLE HEATING

There are some impurities always present in the experimental sample either in the form of molecular impu-
rities (intrinsic) or dust particles (extrinsic). These nanoparticles/nanoimpurities can be heated up by ab-
sorbing the energy from the irradiated laser pulse in the solution. The absorbed energy is further transferred
adiabatically to the surrounding liquid to vaporize the liquid around particles resulting in a vapour bub-
ble. It has been proposed that the growth of vapour bubbles leads to the accumulation of solute molecules
on to the vapour-liquid interface and, hence inducing nucleation. However, recording visual evidence for
this mechanism is very challenging due to the inaccessible spatial and temporal scales. The experiments
supporting this mechanism were observed by Martin et al. in laser-induced nucleation of NH,Cl where
the main impurities in solute were iron and phosphate. It was observed that the nucleation probability
decreased when the impurities were removed via filtration[41]. Kacker et al.[13] also reported a similar ob-
servation of low nucleation probability in the filtered sample. This hypothesis is further supported with the
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experimental and modeling results showing the increase in temperature of nanoparticles (around 1000-
2200K)[42, 43].

Laser, . 4 . K
1 r>r, v

Figure 2.10: Schematic of nano-particle heating hypothesis. Laser heats the nano-particle/dirt which forms cavitation
bubble around it and induce nucleation due to local increase in supersaturation. Image taken from literature[5].

2.5.2. FACTORS AfTECTING NPLIN
The nucleation event in the NPLIN experiment is highly stochastic in nature. Since its discovery in 1996,
various parameters affecting NPLIN are investigated which is summarized in the following subsection.

* Laser intensity
NPLIN is highly influenced by the peak power laser intensity. It is reported that there exists a threshold
intensity below which no observable events of nucleation take place[40]. The nucleation probability
increases linearly with the intensity and reaches to unity beyond a certain intensity[44]. The threshold
intensity varies with the solute-solvent system.

* Pulse frequency & duration
The laser-induced nucleation probability increases with an increase in pulse frequency up to a certain
frequency. However, at a higher frequency, there are chances of solution heat-up which can reduce
the supersaturation[45]. Furthermore, the nucleation probability can be increased by irradiating the
sample with short pulse duration due to high peak intensity[44, 46].

* Exposed volume
As the laser exposure volume increases the probability of impurities coming in the incident beam
path of laser increases thereby resulting in higher nucleation probability (see 2.5.1.3). The exposed
volume can be manipulated by varying the beam diameter of the laser pulse[45].

° Wavelength
There is no definitive dependence of wavelength on nucleation probability or crystal properties[13].
However, the NPLIN experiments conducted by Ward et al.[40] for nucleation of KCI and KBr ob-
served that the threshold intensity was lower at 532nm than at 1064nm of wavelength[40]. This was
attributed to slight absorption of laser energy by solvent at 1064nm leading to decrease in local super-
saturation. Therefore, a higher threshold intensity was required for NPLIN at 1064nm wavelength.

° Aging
Aging refers to keeping the supersaturated samples at desired constant temperature for a definitive
time before laser irradiation[40]. In early studies, it was suggested that aging of the sample was re-
quired (approximately 4-8 days) for the generation of large pre-clusters facilitating the NPLIN. How-
ever, later it was proved that the aging is not required for NPLIN[5]. Although, it has been reported
that the nucleation probability increases with the aging of certain samples[30].






SOLUBILITY STUDIES

“Our virtues and our failures are inseparable, like force and matter. When they separate, man is no
more.”
— Nikola Tesla

3.1. MOTIVATION

HE successful scale-up of any industrial process requires a good understanding of its parameter at
the laboratory scale. Solubility is one of the crucial parameters required for better control over the
crystallization process[47]. The solubility of a substance in any solvent depends on the tempera-
ture. Itis veryimportant to correlate solubility as a function of temperature to get good control over the crys-
tallization process. This correlation also provides information on the temperature sensitivity of chemical
compounds, which is crucial in determining the type of crystallization technique to use. This information
can also be used to make a solution with various supersaturation to study the crystallization process.

3.2. MATERIALS & METHODS

The nitrogen was used to dry beakers, vials, and spatulas. The known quantity of potassium chloride (Sigma
Aldrich, molecular biology, 99.0%) was dissolved in ultrapure water (ELGA Purelab, UK, 18.2 MQcm) in small
vials of 1.5mL. In this way, four known concentrations of aqueous KCl solution were prepared in sixteen
vials with four vials holding the same concentration. A magnetic stirrer was placed inside each vial for mix-
ing. The solubility experiments were performed using Crystall6 (Avantium) equipment, which is equipped
with 16 (4x4) parallel reactors each of standard 1.5ml vials in four aluminium blocks. The temperature is
controlled via electrical heating and cooling by peltier elements and a cryostat. The working principle of
Crystall6is based on the turbidity measurement of the solution inside vials. It has a laser that transmits light
across the solution in vials and indicates the onset of nucleation and dissolution by the change in transmis-
sion.

3.2.1. SOLUBILITY TEST

The solubility of potassium chloride in water was determined by finding the clear point temperature at
different concentrations of salt. The clear point is defined as the temperature at which a clear solution is
obtained for a particular concentration. The experiment was performed by preparing four different known
concentrations of the solution in sixteen vials with four vials holding the same concentration. All vials were
placed in Crystall6. Each vial was stirred using a magnetic stirrer at 700 rpm. The solution was heated at the
rate of 0.05°C/min till it reaches 40°C, held for 5 minutes, and then ramped down at the rate of 0.3°C/min till
itreaches 10°C. This user-defined heating and cooling cycle is repeated three times. As shown in Figure 3.1,
the blue line represents the temperature cycle and the red line represents the transmission. The temperature
at which the transmission rises from 0% to 100% is attributed to the clear point temperature of the solution
at which the solute completely undergoes dissolution.

11
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Figure 3.1: a)Crystal16, Avantium is a multiple 16 reactor station used for performing solubility experiment, b) The
temperature profile with transmission recorded by crystal16.

3.3. REsuLTs AND DISCUSSION

The solubility of aqueous potassium chloride obtained from crystal16 for different concentrations is shown
in Figure 3.2. Itis reported in the unit of g solute/ 100g solvent and is fitted with a linear curve over the range
of temperature. A slight variation in the solubility data recorded from our experiments was observed when
compared to literature values[48]. The main reason for this difference can be attributed to the experimental
protocol, the sensitivity of the equipment, purity of the chemical stock, solvent, and the nucleation kinetics,
which here is reflected on the solubility curve. It is also worth noting that the heating rate used in our
experiment is very low (0.05°C/min) to give crystals enough time to dissolve. This was done to improve the
accuracy of clear points.
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Figure 3.2: Solubility curve obtained experimentally is compared with literature[48].

Note that the KCl is highly soluble in water and its solubility increases with the temperature as shown in
Figure 3.2. Depending on the process whether it is endothermic or exothermic, the temperature will have
an effect on the solubility.

dissolution

Solute + Solvent Solution

crystallization

Figure 3.3: Dissolution equilibrium.
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This is in accordance to Le-chatlier principle[49]. For endothermic process, the equilibrium as shown in
Figure 3.3 will shift towards the right side with increase in temperature and thus, increasing the solubility.
In literature, it is found that the dissolution of KCI in water is endothermic process. Hence, the solubility of
KCl in water increases with the temperature.

3.4. CONCLUSION

The solubility curve of aqueous KCI was obtained by using Crystall6. It is one of the fundamental proper-
ties providing valuable information about the supersaturation of KCl at different temperatures. The future
experiments will be carried out by the same chemical stock, thus the solubility curve obtained from our
experiments will be used throughout this research.






COOLING CRYSTALLIZATION

“Every brilliant experiment, like every great work of art, starts with an act of imagination.”
—Jonah Lehrer

4.1. MOTIVATION

ATCH cooling crystallization can be used to study nucleation kinetics which will serve as a control
experiment to the NPLIN experiments that follow. Therefore, the induction time of various super-
2| saturated solutions of potassium chloride will be studied. The induction time is defined as the time
duratlon between the constant supersaturation achieved and the moment when first crystals appear[50].
There will be variation in the induction time due to the stochastic nature of nucleation and this can be used
to estimate the nucleation kinetics in solutions under realistic industrial experimental conditions[51].

This chapter will mainly familiarize the reader with the setup developed to conduct the batch cooling crys-
tallization along with the explanation of the results.

4.2. MATERIALS AND METHODS
4.2.1. SAMPLE PREPARATION

The supersaturated solution was prepared by analytically weighing the potassium chloride (Sigma Aldrich,
molecular biology, 99.0%) in Ultrapure water (ELGA Purelab, UK, 18.2 MQ cm) using the solubility data
obtained in section 3.3. The solution was prepared directly inside the batch reactor to minimize errors
that can occur while transferring the solution from one container to another. The prepared solution was
mixed using a stirrer and heated inside the batch reactor at 35°C for two hours to obtain a clear solution.
The bulk solution was undersaturated at 35°C. The details of batch reactor components are explained in
the subsequent subsection 4.2.2. All samples of different supersaturation (SS = 1.0027, 1.0074, and 1.0122
measured at 26°C each) were prepared in the same manner.

4.2.2. SETUP

The experiments were conducted in a glass jacketed batch crystallizer (1L capacity). The mixing was done
mechanically by a 45° pitch blade turbine impeller driven by an electrical motor (Heidolph RZR 2102 con-
trol) as shown in Figure 4.1. The bulk temperature was monitored by a thermocouple (Pt-100), controlled by
a thermostatic bath (Lauda, ECO Gold RE 1050) using water circulation inside the crystallizer jacket. An ad-
ditional thermocouple (Type K) was used to record bulk temperature using an eight-channel thermocouple
data logger (Pico Technology USB TC- 08). The online process monitoring was done by Process Analytical
Tools (PAT) like Focused Beam Reflectance Measurement (FBRM)(Mettler Toledo, BV), and an online cam-
era (Smart Online Particle Analysis Technology - SOPAT GmbH).

15
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Figure 4.1: The setup for batch cooling crystallization in liter volume scale placed over moveable frame.

4.2.2.1. FBRM

The FBRM probe, model G400 (Mettler Toledo) provides the online measurement of particle count and
chord length distribution of the particle. A focused laser beam moving in a circular path with a tangential
velocity of 2 m/s is emitted through the sapphire window as shown in Figure 4.2. When a particle is de-
tected in the direction of the laser at the tip of probe, the laser is reflected back into the probe. The probe
treats each instance of this occurring as a single particle detection. The product of pulse width (time) and
tangential velocity gives the chord length[52].
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Figure 4.2: The schematic of the internal optics and working principle of FBRM. Image taken from literature[53].

The iC FBRM software (version 4.4) captures the data with an option to select from primary and macro
mode. These modes allows the user to change the instrument’s sensitivity according to the aspects of the
dispersed phase. In primary mode, it is very sensitive to even small fines or bubbles present in bulk whereas,
in macro mode, it provides a digital filter that reduces the noise generated in the reflection signals as shown
in Figure 4.3[54]. In the current system, the macro mode was selected (sampling interval of 5 seconds) to
reduce signal fluctuations due to slight variations in the bulk system generated by tiny bubbles. The an-
gular position of the probe plays a significant role in particle detection. The probe was placed at an angle
of 45° to liquid surface such that the sapphire window sees maximum particles[52]. Here, FBRM is used to
detect the onset of nucleation events, and chord length distribution is not used for particle size distribution.
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Figure 4.3: The schematic representing a) primary mode, b) macro mode of FBRM. Image adapted from literature[54].

4.2.2.2. SOPAT

The SOPAT imaging device consists of a probe with a tip diameter of 12 mm and a central workstation with
a graphic user interface (GUI) that allows image acquisition and analysis. The probe has integrated fiber
optics that provide illumination for the particles to be imaged by manipulating strobe intensity. The ad-
vanced optics inside it allows for the specifications mentioned in Table 4.1. In addition, the focal plane can
be fine-tuned for sharp images, and the frame rate can be adjusted from 0.1 to 20 Hz[55]. In this research, a
frame rate of 5 Hz was sufficient to capture images, and the focus point was set between 120-250 um. The
acquired images can be processed using a built-in image processing algorithm via GUI.

Table 4.1: Specification of SOPAT

Specification Value
Measuring range | 3-350mm
Field of view 800mm
Depth of view 200mm
Resolution 228cpmm
Frame rate 0.1-20Hz

Figure 4.4: The SOPAT imaging system. Image courtesy: SOPAT GmbH.
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4.2.3. EXPERIMENTAL PROCEDURE

The solution was subjected to a temperature profile as shown in Figure 4.5. It was maintained at 35°C for two
hours to completely dissolve solute in the solution. In preliminary experiments, the solution temperature
was elevated up to 50°C, which led to a significant amount of solvent evaporation (=10 g), thus changing
the supersaturation significantly. Therefore, the maximum temperature was adjusted to 35°C, and solvent
loss due to evaporation at this temperature was negligible (=1 g) compared to the loss at 50°C. After that,
the solution was cooled at a linear cooling rate of 0.3°C/min to the target temperature of 26°C. The target
temperature was chosen in such a way that crystallization does not occur during the cooling phase[51]. The
temperature profile and cooling rate, as stated in section 2.4, play an important role in the nucleation and
growth rate of crystals. Hence, the temperature profile was followed strictly using the thermostatic bath.
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Figure 4.5: Temperature profile with linear cooling rate of 0.3°C/min.

The stirring rate was maintained constant at 300 rpm throughout the experiment. Since the stirring rate
can influence the nucleation (see section 2.4), an optimal stirring rate was chosen from the literature[4]
to maintain a homogeneous condition in the bulk while limiting the effect of secondary nucleation due to
mechanical agitation.

A constant supersaturation was maintained at the target temperature of 26°C (referred to as time zero) until
the onset of nucleation. The onset of nucleation was recorded by FBRM through a sudden increase in the
number of counts of the particles detected as in Figure 4.6. The time difference between the moment when
FBRM detects crystal and time zero was taken as induction time. The morphology of the crystals generated
was captured by the online camera probe SOPAT. Experiments were repeated 10 times to improve statistics.

4.3. RESULTS AND DISCUSSION

4.3.1. INDUCTION TIME

Figure 4.7 shows the average induction times for three supersaturation values of KCl: SS = 1.0027, 1.0074,
1.0122. Shorter induction times were recorded with higher supersaturations and vice-versa. The vertical
error bars represent the standard deviation in induction time obtained from 10 repetitions.

Although there was a good control over the temperature, concentration, and volume of the bulk solution,
there was variation in induction time for each supersaturation. Note that the uncertainty of induction time
was higher at lower supersaturation. This uncertainty can be attributed to the stochastic nauture of the nu-
cleation and it contains important information about nucleation kinetics[56]. These variations in induction
time at constant supersaturation are reported for other compounds also in the literature[57].
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Figure 4.6: The onset of nucleation recorded by FBRM for control experiment of KCl solution.
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Figure 4.7: Average induction time for SS = 1.0027, 1.0074 and 1.0122

Note that the induction time decreases very steeply as the supersaturation increases. This can be explained
by the fact that supersaturation is the driving force for nucleation and as the supersaturation increases the
probability of nucleation also increases corroborating with the literature[56].






NPLIN EXPERIMENT

“The good thing about science is that it’s true whether or not you believe in it.”
— Neil deGrasse Tyson

5.1. MOTIVATION

= HIS chapter includes the non-photochemical laser-induced nucleation experiments. In preliminary
experiments, an LED source was used to conduct the NPLIN experiments but it gave an inconclu-
sive result (see Appendix A). Thus, Nd:YAG laser was used as a light source to conduct the NPLIN
experiments. This chapter entails different experiments conducted apart from conventional NPLIN exper-
iments as explained in subsequent subsections. It is reported in the literature[44] that NPLIN takes place
above a particular intensity known as threshold intensity which mainly depends on the supersaturation
and the volume of exposure. Therefore, the threshold intensity at each supersaturation value (SS = 1.0027,
1.0074, and 1.0122) is experimentally evaluated in this project. The induction time measurement is done
for each supersaturation. NPLIN experiments are also conducted in undersaturated solutions. The effect of
the number of laser pulses is investigated. Finally, the particle size distribution of crystals formed by NPLIN
experiments is compared to the control experiment.

5.2. MATERIALS AND METHODS

The sample preparation protocol was same as mentioned in subsection 4.2.1 and the bulk solution was
prepared for three supersaturation values: SS= 1.0027, 1.0074, and 1.0122. The same setup as shown in
Figure 4.1 was used to perform NPLIN experiment after incorporating laser as shown in Figure 5.1. Nd:YAG
(Continuum Powerlite DLS 8000 model) nanosecond pulsed laser with following properties in Table 5.1 was
used for the NPLIN experiments.

Table 5.1: Q-Switched Nd:YAG laser properties

Properties
Wavelength 532nm
Frequency 10Hz
Single pulse duration 7ns
Width of beam 9mm

In this experimental protocol, batch cooling crystallization was combined with a conventional NPLIN ex-
periment. The solution was subjected to the same temperature profile as shown in Figure 4.5, and the laser
was irradiated horizontally in the bulk solution at the target temperature of 26°C. The laser beam was ad-
justed in such a way that it would not hit the stirrer in order to avoid any impurity falling in bulk solution
from the stirrer due to laser ablation.

21
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Figure 5.1: The schematic for NPLIN experiments on batch crystallizer in liter volume scale.
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Figure 5.2: The temperature profile for NPLIN experiments on batch crystallizer.

5.2.1. PARTICLE S1ZE DISTRIBUTION

An offline technique was used to do a comparative study of the particle size distribution for control and
NPLIN experiments. The sample preparation for PSD analysis was done as follows:

» The sample was collected after a residence time of 5 min. The residence time, here, refers to the time
duration between the onset of nucleation and sample collection. The sample (around 900mL) was
taken out by siphoning the suspended crystals such that maximum crystals were encountered.

* The collected sample was filtered using vacuum to obtain crystals.

* The crystals obtained in previous step were washed with isopropanol solvent.

 The prepared sample was analyzed for PSD using Microtrac $3500 (Montgomeryville, PA, USA) in wet
mode using isopropanol as the carrier fluid.

5.2.1.1. MicrROTRAC S3500

This instrument works on the principle of laser diffraction mechanism consisting of three laser sources and
two detectors as shown in Figure 5.3 (b). This allows detecting the scattered light from the forward low angle
region to almost the entire angular spectrum (up to 163°). In each measuring cycle, laser 1 gets activated
and passes through well-dispersed sample particle while laser 2 and 3 remain inactivated, and the scattered
light is detected by on-axis and off-axis detectors. Similarly, laser 2 and 3 gets activated one at a time and
scattered light is detected by on-axis and off-axis detectors. Thus, the tri-laser system provides the measure-
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ment of scattered light by different optical pathways. Particle size distribution is generated by combining
the final scattered light information from all laser sources.

The data is continuously collected by the Microtrac FLEX software and analyzed by using modified Mie’s
scattering theory, generating PSD for both spherical and non-spherical particles. Moreover, this GUT soft-
ware allows the user to check volume, area, and number-based distributions along with percentile and other

statistical data.
b) Off-Axis
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Z Array
Laser 1 \

Laser 3

Figure 5.3: a)Microtrac S3500, b) The schematic representing the tri-laser system. Image courtesy: Micotrac MRB

This technology has an analysis time of 10 to 30 seconds and works in the size range of 0.02 to 2800 um. It
allows the user to choose between dry and wet modes depending on the sample. The wet mode is used in
this study, with isopropanol as the carrier fluid. In addition, it also has a built-in sonicator, which was used
to sonicate the sample for one minute before analysis to ensure that all particles were suspended separately.

5.3. RESULTS AND DISCUSSIONS
5.3.1. THRESHOLD INTENSITY

The threshold intensity of NPLIN as a function of supersaturation was determined by irradiating the solu-
tions with 300 pulses at the wavelength of 532 nm as shown in Table 5.2. The error in threshold intensity is
due to the fluctuations of the laser power measured by the powermeter (Gentec-EO Maestro). The threshold
intensity varies with supersaturation following the previous reports in literature[5, 13]. It can be observed
that lower supersaturation has higher threshold intensity for NPLIN. According to classical nucleation the-
ory, the nucleation rate is non-linearly dependent on the supersaturation and the nucleation probability
is significantly lower at low supersaturation. Hence, a strong electric field is required for NPLIN. This is
evidence corroborating the isotropic electronic polarization mechanism hypothesis[13] (see 2.5.1.2). How-
ever, this threshold intensity is not solely dependent on supersaturation but also on laser pulses. Thus, the
reported threshold intensity may vary as a function of the number of pulses for each supersaturation.

Table 5.2: NPLIN threshold intensity for various supersaturation value at 26°C with 300 laser pulses and at wavelength

of 532nm
SS at 26°C | Threshold intensity (MW/cm?)
1.0027 44.99+2.25
1.0074 4.05+0.11
1.0122 2.92+0.04

5.3.2. INDUCTION TIME

The induction time for the NPLIN experiment is recorded using FBRM and SOPAT for three supersatura-
tion values. Figure 5.4 (a), shows the FBRM data for NPLIN and control experiment for an experiment of
SS = 1.0027. Figure 5.4 (b) represents the induction time comparison of NPLIN at SS = 1.0027, 1.0074, and
1.0122. Note that, it is a semi-log plot to highlight the order of magnitude difference in induction time of
NPLIN and control experiments. The same properties of the laser beam are used for all supersaturation



24

5. NPLIN EXPERIMENT

mentioned in Table 5.3. It can be observed that the induction time is an average of 2 min for NPLIN experi-
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Figure 5.4: a) The number of crystals recorded by FBRM for NPLIN and control experiment. b) The induction time for
various supersaturation of NPLIN and control experiments.

Table 5.3: The properties of laser used for NPLIN experiments for SS = 1.0027, 1.0074, and 1.0122 at 26°C.

Properties
Intensity 45MW/cm?
Number of Pulses 300
Wavelength 532nm
Frequency 10Hz
Single pulse duration 7ns
Width of beam 9mm

ments indicating that the crystals are formed immediately after irradiating the supersaturated solution, and
there is a notable decrease in the induction time of NPLIN as compared to control experiments mentioned
in chapter 4. This difference is maximum at the lowest supersaturation value of 1.0027. It is mentioned
in the literature that the potassium chloride solution is transparent for 532 nm wavelength[13]. So the su-
persaturation variation due to the absorption of light is ruled out. The reduction in induction time can be
explained by isoelectronic polarization and nano-particle heating mechanism (see 2.5.1.2, 2.5.1.3) as men-
tioned in literature[5]. Moreover, it can also be noted that the induction time of NPLIN is at an average of 2
min irrespective of the supersaturation value and it does not depend on laser intensities. This can be due
to the intensity used for NPLIN (45 MW/cm?) is higher than the threshold intensity for SS = 1.0074 (4.05
MW/cm?) and 1.0122 (2.92 MW/cm?) that is enough to induce nucleation[5].

5.3.3. SINGLE PULSE VS MULTIPLE PULSE

The effect of the number of pulses on NPLIN is investigated experimentally by irradiating single and mul-
tiple pulses independently. These experiments were performed using a supersaturation of 1.0027 because
the induction time of control experiment is maximum at SS = 1.0027 as compared to other supersaturation,
thus the solution is quite stable. The following laser property in Table 5.3 except the number of pulses was
used for the control and NPLIN experiment. With the single pulse, very fewer crystals (3-4) were detected
by FBRM at 4500s as shown in Figure 5.5. The delay in detection time of crystals by FBRM can be attributed
to the less number density of crystals formed in 1L volume. Whereas, with multiple pulses, a comparatively
higher number of crystals were formed immediately as shown in Figure 5.5.

Contrarily, Irimia et al.[45] performed the NPLIN experiment on supersaturated aqueous glycine solution
and did not observe any significant change in nucleation probability with multiple pulses as compared to
the single pulse. The reason can be attributed that they have allegedly exposed the same volume to multiple
pulses in a vial. In contrast, in a batch crystallizer, the exposed volume varies due to stirring, resulting in a
higher exposed volume by the laser beam with 300 pulses than with a single pulse.
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Figure 5.5: The number of crystals recorded by FBRM for single and multiple (300) pulses

5.3.4. NPLIN IN UNDERSATURATED SOLUTION

This experiment is inspired by the double pulse method available in literature[58]. Galkin et al.[58] used
this method to separate the nucleation from ensuing growth. In this study, the temperature of a supersatu-
rated protein solution was increased after a fixed period of time, resulting in a decrease in supersaturation
of the solution that was low enough to prevent further nucleation while enabling existing crystals to expand
to detectable size.

Asshown in Figure 5.6, the solution was dissolved at 35°C and subjected to a linear cooling rate of 0.3°C/min.
The laser was irradiated at undersaturated condition (SS = 0.98 at 27°C) and then supersaturation was in-
creased (SS = 1.001) by lowering the temperature to 26.5°C. This was done to make sure that the nuclei
supposedly formed in undersaturated conditions can grow. The property of the laser was the same as given
in Table 5.3.
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Figure 5.6: The temperature profile for performing NPLIN experiment in undersaturation condition

A control experiment was conducted in which the solution was subjected to the cooling profile as shown in
Figure 5.6. The FBRM data as shown in Figure 5.7 confirms that there were no crystals nucleated till 3400s
(= 25 min after achieving SS = 1.001), indicating that the solution was quite stable and there was no spon-
taneous nucleation.

In NPLIN experiment, the solution was subjected to the same cooling profile as shown in Figure 5.6 and
the laser was irradiated at undersaturated condition (SS = 0.98 at 27°C). FBRM detected the crystals sup-
posedly formed in undersaturated condition and later grown in supersaturated condition when tempera-
ture was reduced to 26.5°C. This experiment was conducted for three repetitions. It is noteworthy to point
out that the solution at 27°C can be saturated due to uncertainty in solubility curve. However, the control
experiment confirms that the solution was stable and there was an effect due to NPLIN. At this stage, it is
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speculated that the non-observable clusters formed due to laser irradiation in undersaturated condition
grow into detectable crystals in the supersaturated solution.
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Figure 5.7: The FBRM data for NPLIN experiment and control experiment.

5.3.5. PARTICLE S1ZE DISTRIBUTION

It is mention in the literature that the sample preparation technique for PSD analysis affects the observed
PSD[59]. However, the same sample preparation protocol and offline technique were followed for the PSD
obtained for control and NPLIN experiments as mentioned in subsection 5.2.1. The PSD obtained using
laser diffraction is expressed using volume based distribution. All PSD in this report are expressed as the
percentage volume fraction (q43%) in each channel of Microtrac, and the mean diameters are calculated as
volume weighted mean diameter (d43) given by the Equation 5.1.

J 4 J 3
dyz = Z ned, ! Z ned;, (5.1)
c=1 c=1

where d_ is the diameter of the particle in the ¢ sampling interval of instrument and n is the number
fraction of the particle. The laser properties are same throughout the NPLIN experiments: wavelength of
532 nm and 300 pulses.
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Figure 5.8: a) PSD for various independent control experiments, b) PSD for various NPLIN experiments. Both graph
corresponds for supersaturation value of 1.0027 at 26°C.
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Figure 5.8 (a) represents the PSD obtained from control experiments i.e., batch cooling crystallization. It
can be observed that the nature of PSD obtained from all repetitions of control experiments are different
each time as expected owing to the stochasticity of spontaneous nucleation, and the dominant size of crys-
tals is in the range of 100-200 um. It is reported in the literature that the cooling rate affects the PSD and
linear cooling rate results in PSD with a low mean average size of particles[4, 24].

Figure 5.8 (b) represents the PSD obtained from NPLIN experiments. It can be observed that the nature of
PSD obtained is the same with the dominant size in the range of 300-500 um.

This indicates that the nucleation rate is dominant in control experiments whereas, the growth rate is dom-
inant in NPLIN experiments. It is also worth noting the weight of the dried crystals that was taken after
5 mins of the first crystal observed. This indicates the degree of supersaturation consumed in both types
of experiments. It can be observed from Table 5.4 that the weight of excess KCI solute at 26°C is 1.01g and
out of which only 0.435g of crystals were formed in control experiments, indicating less supersaturation
consumption, whereas, in NPLIN experiments, 0.503g of crystals were formed indicating higher supersat-
uration consumption.

)

200 i ! £ A

Figure 5.9: Microscopy image of KCl crystals from a) Control experiment, b) NPLIN experiment.

Figure 5.9 (a) and (b) represents the optical microscopy images of crystals formed in the control and NPLIN
experiment respectively taken under ZIESS inverted microscope (10X 0.25DIC objective lens). In Figure 5.9
(a), it can be observed that there is a dominant size of crystals along with smaller fines that can be generated
due to attrition, and breakage of crystals owing to impact from stirrer. This explains the reason for multi-
modal PSD. Moreover, the higher dominant size of crystals in the optical microscopy image of NPLIN can
be observed corroborating with the previous PSD result obtained from Microtrac. It is also worth noting
that the optical microscopy image of the NPLIN experiment shows hopper growth around the edges. In the
literature, such hopper growth is observed in cubic crystals with high growth rate[60]. In other words, the
effective supersaturation consumption is more corroborating with the weight of the dried crystals shown
in Table 5.4.

Table 5.4: Weight of dry sample taken from the crystallizer after a residence time of 5 min.
Weight of dry KCl crystals (g)
Control Experiment | NPLIN Experiment

1.01 0.435 0.503

Weight of excess KCl at 26°C (g)

Figure 5.10 (a) and (b) represents the PSD comparison at SS = 1.0027 and 1.0074 obtained in control and
NPLIN experiments respectively. The PSD for higher supersaturation also exhibits a similar trend. It should
be noted that the dominant size in the control experiment for SS = 1.0074 is higher which can be explained
by the fact that the growth of the crystals is linearly dependent on the supersaturation[4]. Note that the
dominant peak of SS = 1.0027 and 1.0074 lies on the same size which can be an indication that the laser can
be used to control the PSD.

From Figure 5.8, and Figure 5.10, a clear shift in peaks of dominant size is observed. This shift in peaks
is reported in seeded crystallization where the growth of the seeds takes place in metastable region[61, 62].
Narducci et al.[63] investigated the use of short ultrasonic burst on batch cooling crystallization of aqueous
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Figure 5.10: a) PSD for control experiments for SS = 1.0027, and 1.0074 at 26°C, b) PSD for NPLIN experiments for SS =
1.0027, and 1.0074 at 26°C and laser power of 4W.

adipic acid and reported the growth dominant PSD comparable with the PSD of conventional seeding crys-
tallization. At this stage, it can be hypothesized that the laser is generating seeds that grow in the metastable
region resulting in growth dominant PSD. However, this hypothesis needs further validation by modelling.
This can be done by population balance modelling and comparing the nucleation kinetics obtained from
modelling of control and NPLIN experiments[64].






CONCLUSION AND RECOMMENDATIONS

“Iam enough of the artist to draw freely upon my imagination. Imagination is more important than
knowledge. Knowledge is limited. Imagination encircles the world”
— Albert Einstein

6.1. CONCLUSIONS

This research aims to provide proof of concept for batch cooling crystallization with NPLIN. A setup was
developed to conduct control experiments and compared them with NPLIN. After conducting control ex-
periments it was found that there exists a minimum crystal number density for online process tools (FBRM,
SOPAT) to detect particles effectively. The induction time measurement was done experimentally and it re-
duced drastically with the increase in supersaturation, indicating the higher nucleation probability.

Initially, LED was used as the light source for NPLIN experiments but it gave an inconclusive result (see
Appendix A). Later, it was replaced with Nd:YAG nanosecond pulsed laser to perform NPLIN experiments.
Firstly, it confirmed that there exists a minimum threshold intensity for NPLIN to take place at given condi-
tions of laser properties and solution volume. Furthermore, it was observed that there was a drastic re-
duction in induction time of NPLIN experiments than the control experiments. NPLIN found effective
especially in low supersaturation to reduce the induction time. This gave an optimistic view about more
spatiotemporal control over nucleation using NPLIN. Moreover, the number of laser pulses played a signif-
icant role in the number of crystals generated. The number of crystals generated at 300 pulses was found
to be higher than that of a single pulse. Hence, laser properties like power, number of pulses can be used to
tame the nucleation. NPLIN experiments in undersaturated solution indicated that the crystals supposedly
nucleated can grow into observable crystals provided there was solute available for growth.

Finally, PSD analysis was done by an offline technique. There was a shift in peaks of the dominant size
of crystals in the PSD of NPLIN as compared to control experiments. The degree of supersaturation con-
sumption by NPLIN was more than the control experiment, confirmed from the weight of the dried crystals
after crystallization process. This lead to the hypothesis that the laser was generating seeds that are possibly
growing into larger crystals. Additionally, the similar PSDs generated in NPLIN experiment repetitions give
a positive outlook about controlling the PSD using the laser at particular power.

To summarize, NPLIN allows enhancing the nucleation kinetics in a more controlled manner. However,

the NPLIN as a process requires further study by dual approach combining experiment and simulation to
utilize its full potential.

29
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6.2. RECOMMENDATIONS

Abetter understanding of NPLIN at pilot scale could be achieved by carrying out further experiments. These
recommendations include,

* Strengthening with more statistical data
The results of induction time for the batch cooling experiment are inferred from 10 experiments for
each supersaturation. More repetitions of these experiments give more data points, that can be used
to derive nucleation kinetics using classical nucleation theory.

* Better image acquisition

There exists a threshold crystal number density for SOPAT to capture the image with sharp features.
The existing probe fails to acquire sharp images at low supersaturations used in this work and aug-
mentation of supersaturation is limited by the stability of the solution. Additionally, the size of KCl
crystals is found bigger than the size range of SOPAT (3-350um) that poses a problem to capture im-
ages with all edges. Moreover, the GUI software of SOPAT for post-processing does not allow the im-
plementation of user-defined functions according to particle size and shape. It will be better if a suit-
able inline camera (for example, EasyView Mettler Toledo) be used to capture sharp images. These
acquired images can be used to generate particle size distribution by image analysis. This will further
help to understand the development of particle size distribution throughout the growth of crystals.

* Use of laser fiber for performing NPLIN experiments
More experiments with a continuous source oflight can help in understanding its effect on the induc-
tion time of nucleation. In comparison to LED light, fiber laser will be easier to focus its collimated
beam to achieve the NPLIN threshold intensity reported in literature[13].

* Effect of parameters on PSD
The PSD is obtained by offline technique and a residence time of 5 min is maintained after crystal
formation. The effect of parameters like residence time for sample acquisition, the laser energy, and
the number of pulses can be varied as parameters to see its effect on PSD.

* Modelling for PSD
It is proposed that the laser is generating seeds that are growth dominant. This idea can be consoli-
dated by the modelling of PSD generated by control and NPLIN experiments. One of the methods can
be based on population balance to generate PSD and compare it with experimental results.
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LED EXPERIMENT

A.1. MOTIVATION

This experiment aims to induce nucleation by using light source in the batch cooling crystallizer and com-
pare the induction time with the control experiments. LED is used as the continuous light source. This
chapter encompasses the experimental protocol, the challenges, and the discussions for the results ob-
tained.

A.2. MATERIAL AND METHODS

The main components used in this experiment are given below:

¢ Potassium chloride (Sigma Aldrich, molecular biology, 99.0%)

¢ Ultrapure water (ELGA Purelab,UK, 18.2 MQcm)

 Nitrogen to dry beakers, vials and spatulas

e UV fused Silica Plano-Convex lens, Uncoated (f = 60.2 mm, @2")

 High-Power LED for Microscopy (SOLIS-415C from Thorlabs, Inc.)
The sample preparation technique was the same as mentioned in subsection 4.2.1 and the LED experiments
were conducted on the same setup as mentioned in subsection 4.2.2. A schematic representation of the
experimental procedure is depicted in Figure A.1

SOPAT FBRM
CWR
—_—
—— S— s S ows
LED Convex Lens Jacketed .batch
crystallizer
<+ 4¢——>
10cm 3cm

Figure A.1: The schematic for LED experiments on batch crystallizer in liter volume scale.

In this experiment, the temperature was decreased with a linear cooling rate of 0.3°C/min till the target
temperature of 26°C was reached ( see Figure 4.5). LED light was turned on at 26°C and remain on till the
crystals were observed in the bulk solution. The maximum power measured by powermeter at a distance of
3cm after the lens, was 6 W and the area of beam spot was 1 cm?. Hence, a maximum intensity of 6 W/cm?
was achieved. However, the actual intensity can be higher due to curved surface of crystallizer wall.
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A.3. RESULTS AND DISCUSSIONS

These experiments were performed using a supersaturation of 1.0027 because the induction time of control
experiment is maximum at SS = 1.0027 as compared to other supersaturation, thus the solution is quite sta-
ble. The measurement of induction time for supersaturation of 1.0027 at 26°C was done for multiple runs
of LED experiments. Figure A.2 represents the induction time for four experiments conducted.
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Figure A.2: The induction time measurement in led experiment.
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It can be noted that the induction time variation in this experiment lies in between the induction time of the
control experiment as mentioned in Figure 4.7. At this stage, it is very inconclusive to say if the nucleation
is due to LED or due to spontaneous nucleation under cooling. Moreover, the intensity achieved by this
LED source is 6 W/cm? that is @(10°) less than the threshold intensity (MW/cm?) mentioned for NPIN in
literature[13].

The NPLIN intensity can be achieved by collimating the beam and converging tightly by optics to a very
small spot in the range of um. But, the available LED source is the combination of four in-built individual
LED sources as shown in Figure A.3. Furthermore, the shape of the beam is square shape unlike the gaus-
sian beam of Nd:YAG laser sources. This configuration makes it very challenging to converge the beam into
micron range.
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Figure A.3: The internals of LED showing the combination of four individual led.

A.4. CONCLUSION

The induction time measurement by the LED experiments gave an inconclusive result at an intensity of 6
W/cm?. There was a limitation to increase the intensity due the internal combination of four LED sources.
The use of fiber laser can provide a better alternative for existing LED with narrow beam diameter with
collimated uniform beam.
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