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Abstract 

In recent years, a number of authors have steered Non-Photochemical Laser-induced 

Nucleation (NPLIN) and sonocrystallisation from mystery towards viable and valuable 

application for improved control over the industrial crystallisation of drug substances. 

However, the underlying mechanisms of nucleation induction from the phenomena 

generated by laser irradiation and ultrasonic wave propagation are both still under 

investigation. So far, a complex picture of bubbles and localised pressure fluctuations at 

the interplay of clusters and crystals has been provided. This thesis presents detection of 

bubble fields in order to provide mechanistic insight into NPLIN and sonocrystallisation.  

On the underlying mechanisms of the NPLIN effect, doubts have been cast on the initially 

proposed effects of the optical electric field acting directly upon solute clusters. Recently, 

it has been proposed that at laser pulse energies below the threshold for optical breakdown 

of the liquid, impurity particle heating generates transient vapour cavities, the associated 

phenomena of which provide opportune conditions for nucleation induction. However, 

there have been a lack of experimental attempts to detect vapour cavities in order to 

support this mechanism. Chapter 4 provides significant evidence of nucleation induction 

within an unfocused beamline via cavitation generated by particle heating. For the first 

time, single-pulse (1064 nm, 6ns) laser-induced nucleation of ammonium chloride was 

captured with high-speed imaging. Observations at 100000 fps allowed for the detection 

of multiple micron-sized bubbles before the appearance and growth of multiple primary 

crystal nuclei within the irradiated volume of the solution. Further compelling evidence 

for the impurity particle-heating mechanism is provided by needle hydrophone 

measurements, in which the effect of solute concentration alongside solution filtration and 

iron oxide nanoparticle doping prior to irradiation were investigated. Signal processing 

allowed for quantification of the broadband noise produced by bubbles that were 

generated on laser irradiation. Overall, the results demonstrate a direct relationship 

between absorbing particles, cavitation generation and crystal nucleation, which has 

powerful implications for discussions behind the mechanism for laser-induced nucleation.  



 

 
 

The effects of propagating ultrasound waves through a liquid occur via the generation of 

acoustic cavitation: the growth and collapse of vapour cavities under an applied ultrasound 

field. This mode of cavitation generation is well established for inducing crystal 

nucleation and fragmentation. However, few previous sonocrystallisation studies have 

involved measurement of cavitation activity in the generated sound field. Moreover, the 

physical properties of a liquid have been reported to significantly affect the cavitation 

activity, under the same applied ultrasound parameters. Chapter 5 presents a comparison 

of cavitation activity in typical crystallisation solvents, under a high-power ultrasound 

field.  A setup was established in order to perform needle hydrophone measurements, from 

which the acoustic pressure and broadband integrated voltage were obtained at increasing 

drive powers. The broadband noise measurements are discussed in relation to the solvent 

physical properties.  

Previous paracetamol (PCM) sonocrystallisation studies involving the application of high-

power ultrasound fields have reported (i) the selective crystallisation of the elusive 

metastable form II and (ii) higher impurity rejection in the presence of acetanilide and 

metacetamol, both on comparison with silent conditions. However, the mechanisms 

behind these observations remain unclear. Chapter 6 provides an investigation of PCM 

cooling sonocrystallisation, with a focus on the mechanisms for polymorphism and purity 

effects. It was established that, under the same applied frequency, the selective 

crystallisation of form II relied upon the application of cavitation energy above a threshold, 

together with both high supersaturation and rapid growth conditions. Meanwhile, greater 

impurity purging with cavitation generation was attributed to nucleation induction at 

significantly lower supersaturation levels, as opposed to cavitation phenomena promoting 

impurity rejection. Moreover, a morphology change from equant to columnar crystals of 

PCM form I was observed in the presence of impurities only under an applied cavitation 

field, which was attributed to the acceleration of surface integration caused by stable 

cavitation phenomena. This effect has not before been reported and it is expected to 

influence the development of industrial sonocrystallisation processes for drug substance 

purification. 
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Introduction 

1.1. Crystallisation 
 

The pharmaceutical industry brings life-changing scientific innovations to patients 

through both a lengthy and expensive journey of drug development, clinical evaluation 

and drug manufacturing. Crystallisation is the predominant separation and purification 

technique employed in the manufacturing of drug substances (the active ingredients). This 

unit operation is preceeded by synthesis and followed by isolation, before downstream 

processing in order to obtain the drug product (the final marketed dosage form).  

In the design of industrial crystallisation processes, the ultimate aim is to create products 

with consistent particle attributes, such as crystal size distribution, shape, purity, and of 

the most suitable polymorphic form.1 An overview of the processes that govern industrial 

crystallisation and the resulting product quality is presented in Fig. 1-1.  

 

Figure 1-1 Overview of crystallisation processes governing product quality 
(reproduced from ter Horst et al.2) 
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Essentially, crystallisation starts with nucleation, proceeded by growth and individually, 

these processes can be considered as the transport of building blocks from the bulk of the 

mother phase to the nucleus. Control over both nucleation and growth  is critical, as the 

resulting product quality not only influences downstream operations, but also the 

physicochemical properties of the crystalline product such as solubility, dissolution rate 

and therefore, bioavailability.3 This section outlines crystallisation in the context of 

pharmaceutical manufacturing and with reference to paracetamol (PCM); the drug 

substance of interest for the crystallisation work carried out in this thesis.   

1.1.1. Supersaturation 

Solubility is the amount of solid that can be dissolved in a solvent at a specific temperature 

and pressure. The saturation status of a solution is dependent on the concentration of solute, 

relative to the solubility at a specific temperature and pressure. A solution is saturated 

when the solute is in thermodynamic equilibrium with the solution. When there is less 

solid dissolved relative to the solubility, the solution is undersaturated and the solute will 

remain in solution. When a solution has more solid dissolved relative to the solubility, the 

solution is supersaturated; a driving force for crystallisation has been established and 

crystal nucleation can occur.  

Supersaturation is usually described as a concentration ratio or relative supersaturation, 

with respect to the equilibrium saturation concentration. In this thesis, the supersaturation 

ratio (S) is the preferred descriptor, which is expressed as the ratio of solute concentration 

(c) and the solubility (c*) at a specific temperature and pressure:  

𝑆 =  
௖

௖∗                                                              (1-1) 

A typical solubility diagram with the regions of saturation and supersaturation is provided 

in Fig. 1-2, where the solubility curve (solid line B–B') describes the thermodynamic limit 

for the solute to remain in solution, which is well-defined and can precisely be 

determined.4 Whereas, the supersolubility curve (dashed line C–C′) represents the 
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metastable limit and past this line into the labile region, solid will crash out of solution 

uncontrollably. Accordingly, C–C′ is less well-defined than B–B'.  

 

Figure 1-2 Typical diagram of solubility expressed in concentration as function of 
temperature and the different regions of saturation (reproduced from Mullin4) 

 

The area between these curves is the metastable zone, in which spontaneous nucleation 

can take place in a controllable fashion and after a certain induction period. Thus, the 

metastable zone width (MSZW) is commonly used to determine the crystallisation process 

operation window.5 The lines A–C and A–C′ represent two typical routes to achieve 

supersaturation: cooling a solution of fixed concentration and removal of solvent via 

evaporation to increase solute concentration at fixed temperature, respectively. The line 

A-C′′ represents a combination of these routes. Supersaturation generation can also be 

achieved via the addition of an anti-solvent: a solvent in which the solute is poorly soluble. 

A large proportion of commercial drug substances (including PCM), exhibit poor aqueous 

solubility thus, water is commonly a suitable choice of anti-solvent.6 

1.1.2. Nucleation Classifications 
 

Nucleation can be classified as primary or secondary, as outlined in Fig. 1-3. Crystals 

forming directly from the solution phase alone is classed as primary nucleation whereas; 

crystals forming due to the presence of crystals of the solute is classed as secondary 

nucleation.  
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Figure 1-3 Nucleation classifications (adapted from Beckmann7) 

 

Primary nucleation is further divided into the sub-classes of primary homogeneous and 

heterogeneous nucleation. Primary nucleation is considered homogeneous when it occurs 

in the absence of an interface. When nucleation occurs in the presence of a solid (other 

than crystals of the solute), gas or a third-party liquid, this can be classified as primary 

heterogeneous nucleation. In the laboratory and especially on an industrial scale, the 

presence of many different heterogeneous particles or surfaces is impossible to avoid.7 

Thus in practice, heterogeneous nucleation is considered to be more prevalent and in this 

case, the free energy barrier for nucleation is lowered by the interface provided by foreign 

particles present.4 Secondary nucleation occurs when there are already crystals of the 

solute present (from strategically added seeds or primary nuclei already present in the 

system). According to Myerson, the presence of crystalline material has a catalytic effect 

on nucleation and therefore, secondary nucleation can occur at much lower 

supersaturation levels compared to primary nucleation.8 Seeding is routinely employed in 

the industrial crystallisation of drug substances in order to reproducibly yield crystals 

within a desired size distribution.  
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Fluid shear causes high-energy collisions of existing crystals with impellers, vessel walls 

and each other, resulting in the breakage of existing crystals to generate secondary nuclei. 

This is also considered secondary nucleation, although this has been questioned, since it 

is a mechanical process that does not involve the formation of a new solid phase.9 An in-

depth discussion on the mechanisms of secondary nucleation is beyond the scope of this 

thesis. Agrawal and Paterson recently provided a comprehensive review of secondary 

nucleation in industrial crystallisers.10 

Importantly, Kadam et al. reported that the MSZW is not a fixed quantity and that 

nucleation probability increases with the volume of the crystalliser.11 This report involved 

MSZW measurements as a function of crystalliser volume (1 mL—1 L) for an unseeded 

PCM-water cooling crystallisation process. At 1 mL volume, MSZW values were reported 

as a wide distribution (varying ~ 25°C) however, on a 1 L scale, variations in the MSZW 

were almost absent.11 It was established that the smallest MSZW measured at 1 mL 

coincided with the MSZW at 1 L. Therefore, the authors concluded that on a scale one 

thousand times larger (1 L), there is a higher probability of a single nucleation event 

occurring, that would lead to nucleation in the entire crystalliser.11 The larger variation on 

a smaller scale was attributed to the inherently random nature of the nucleation process, 

which would not necessarily be detected at a fixed temperature.11 The nucleation process 

requires further discussion. 

1.1.3. Nucleation Models 
 

The two prominent models used to describe crystal nuclei formation from solution are 

Classical Nucleation Theory (CNT) and the two-step nucleation model (2SM). CNT is a 

long-established model used to describe the sequential addition of solute molecules to 

form a crystalline nucleus, of radius (r) from a supersaturated solution. Although this 

second phase has a lower free energy (ΔG) than the initial phase, there is a free energy 

penalty associated with the formation of a new interface in solution. For a spherical 

nucleus, the free energy of forming the second phase is the sum of a negative volume term 

(∆𝐺௩) and a positive surface term (∆𝐺௦): 
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∆𝐺 = ∆𝐺௦ + ∆𝐺௩ = 4𝜋𝑟ଶ𝛾 −  
ସ

ଷ
𝜋𝑟ଷ𝐴ln𝑆                                 (1-2) 

where S is the supersaturation and γ is the interfacial tension of the crystal–solution 

interface. A = 
஡ோ்

ெ
, where ρ is the mass density, R is the gas constant, T is the temperature 

and M is the molar mass. Fig. 1-4 schematically represents the energetics of CNT, in 

relation to the size of the forming nucleus. As the nucleus size increases, the total free 

energy goes through a maximum at a critical radius (rcrit). As r further increases, the total 

free energy decreases as the nucleus grows bigger and growth becomes energetically 

favourable. At below rcrit, re-dissolution will occur.  

 

Figure 1-4 Schematic of the size dependence of the energetics of forming a nucleus, 
according to CNT (reproduced from Gebauer et al.12)  

 

CNT has successfully been combined with probability distributions of induction time 

measurements in order to gain insight into nucleation kinetics.13, 14 Nevertheless, several 

shortcomings of this model have been identified; including that the surface of the nucleus 

is modelled as an infinite plane with neglect of the curvature dependence of the surface 

tension.15 These assumptions do not hold if the critical nucleus is on the order of a few 

nm.16 Furthermore, CNT assumes nuclei to be ordered in structure, which conjectures that 

the molecular packing within clusters is reflected in the resulting macroscopic crystal 

form.17 Overall, the size of a critical nucleus is typically in the range of 10—1000 
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molecules and the time scale of formation ranges from less than a second to days thus, 

crystal nucleation is extremely challenging to study experimentally.16  

Following observations made, primarily in the study of protein crystallization by Galkin 

et al., an alternative mechanism has been proposed  in order to account for the nucleation 

event.18  Several detailed discussions on the 2SM have since been provided. 17, 19-21 In 

short, the initial step of the 2SM involves the formation of an amorphous and liquid-like 

cluster. Crystalline order is developed during the second step, where the cluster achieves 

a critical size to form a nucleus and survive. The 2SM makes no assumptions regarding 

the shape of a solute cluster or its internal structure.17 In 2016, Ito et al. reported direct 

visualisation of the 2SM of a dibenzoylmethane boron complex that displays 

mechanofluorochromism.22 From fluorescence emission measurements of an evaporative 

crystallisation process, the authors detected transitional emission from the amorphous 

cluster state prior to crystallisation. More recent classical density functional theory 

calculations, performed by Lutsko et al., support the proposal that metastable and 

disordered sub-critical clusters play an important role in nucleation.23, 24 A schematic of 

both the classical and the two-step nucleation models is provided in Fig. 1-5. 

 

Figure 1-5 Schematic of the classical and the two-step nucleation models (adapted 
from Chen et al.16) 
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A further point to note is the fluid dynamics greatly influence the nucleation process.25 

In 2013, Jawor-Baczynska et al. proposed agitation-enhanced cluster aggregation from 

the mechanical action of a tumbling stirrer bar significantly shortening the time to form 

observable glycine crystals.26 Since this mechanical action was also observed to promote 

coalescence of 250 nm nanodroplets into larger nanodroplets, the latter were assumed to 

be the prime source for nucleation.26  

1.1.4. Polymorphism 
 

The majority of organic and inorganic compounds can exist in different solid-state forms.1 

McCrone defined polymorphism in 1965 as “the ability of a compound to crystallise as 

more than one distinct crystal species”.27  It is important to note that polymorphism refers 

to the crystal structure, whereas crystal morphology describes the macroscopic shape of a 

crystal. According to Hilfiker; the same polymorph can easily be crystallised in different 

morphologies and different polymorphs can also have the same morphology.1 Therefore, 

it is imperative to carry out structural characterisation of the crystalline material in order 

to definitively assign the polymorphic form.  

The selection of the most suitable polymorphic form of a drug substance is a critical aspect 

of industrial crystallisation process development. Different solid-state forms of the same 

compound will exhibit different physicochemical properties, such as thermal and 

mechanical stability, solubility, and hygroscopicity. Moreover, discovery of the lowest 

energy (most stable) polymorph in early development is essential. Unexpected conversion 

to a previously unknown, lower energy form in the manufacturing phase can cause 

catastrophic delays to drug supply, as in the case of Ritonavir.28 This makes the case for 

efforts in crystal structure prediction in order to evaluate the solid form landscape of a 

compound, combined with extensive experimental polymorph screening as early as 

possible in pre-clinical drug development.29-31  

Ostwald’s rule of stages provides a guide to the design of a polymorph screen. This rule 

states that during a crystallisation process, the system moves to equilibrium from an initial 

high energy state through minimal changes in free energy, and thus implies that the least 
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stable polymorph should be the first isolated in any crystallisation process.32 It should also 

be noted that phase transformations to lower energy forms can take place before sampling 

is possible. Fig. 1-6 shows the various crystallisation experiment types that can be 

employed to favour stable or metastable polymorphs.  

 

Figure 1-6 Crystallisation experiments that can be employed in the polymorph 
screening of a drug substance (reproduced from Llinás and Goodman31) 

 

Yet, many violations of Oswald’s rule have been reported.33, 34 It is generally accepted 

that the rule is not applicable to every system for instance, in the case of polymorphs 

nucleating concomitantly.35 Considerations have also been extended to include studies of 

potential links between solution chemistry, molecular self-assembly and the appearance 

of polymorphs.17, 36, 37 For example, different solvents can be also be employed to modify 

interfacial energies in such a way to promote the formation of different polymorphs.2 

Black et al. recently noted that the experimental observations which support Ostwald's 

rule have been made on macroscopic observations and that the polymorphic outcome may 

owe at least as much to the relative crystal growth rates of available structures, as it does 

to their nucleation.38 

From an extensive experimental polymorph screen of PCM, Peterson et al. demonstrated 

that solution crystallisation attempts almost invariably led to the isolation of the most 
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stable polymorph.39 PCM is the most widely used antipyretic and analgesic worldwide.40 

From solution, two polymorphs of PCM have been long-established: form I, the 

thermodynamically stable form at ambient conditions and form II, the metastable form at 

ambient conditions.41-43 Form I is the commercially manufactured form, with a crystal 

packing structure that results in poor compactibility, leading to poor tabletting quality.40 

Form II can undergo plastic deformation and therefore, exhibits improved compaction 

behaviour.44 However, difficulties in producing form II at scale has limited the viability 

of form II commercial manufacture.45 Experimental morphologies of PCM form I and II 

(from water) are shown in Fig. 1-7, where form I crystals exhibit a relatively equant shape 

and form II crystals are more needle-like. 

 

 
 

Figure 1-7 Paracetamol form I (monoclinic) and form II (orthorhombic) 
morphologies and packing views along a-axis for form I and along b-axis for form II 

(reproduced from Liu et al.46) 

 

A typical strategy for polymorph control is to seed with the desired form. Though, a recent 

study from Nicoud et al. reported that at temperatures above 0 °C, seeding a crystalliser 

with crystals of form II was insufficient to induce the crystallisation of form II.47 The 

elusive nature of form II has been linked to the rapid competitive crystallisation of form 

I, since in solution the presence of form I results in the rapid conversion of form II to form 

I.43 Barthe and Grover studied the solution-mediated transformation of form II to form I 

PCM in ethanol:methanol (95:5 v/v) solution, using Focussed Beam Reflectance 

Measurements (FBRM).48 The authors reported a rapid transformation over a period of 

minutes, with an observed complete conversion taking place over ca.1 hour.48 In 2007, 

Deij et al. presented a study on a growth probability method for predicting homogeneous 
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nucleation rates for three widely-studied polymorphic organic compounds, including 

PCM.49 The authors reported that PCM disobeyed Ostwald’s rule, i.e., the stable 

polymorph was formed directly in favour of the metastable polymorph. These findings 

corroborate that PCM form II has a substantially higher nucleation barrier than form I and 

as a consequence, will not be formed easily.49 More recently, Agnew et al. demonstrated 

a multicomponent templating approach to produce 100% PCM form II, with the addition 

of  10–40% w/w metacetamol (MCM).50, 51 In 2020, Liu et al. further investigated this 

approach by studying the growth rates of PCM in the presence of MCM, concluding that 

MCM inhibits the nucleation of PCM form I through various strong non-crystallographic 

adsorption geometries, whilst not impacting form II.46 Thus, stable quantities of form II 

PCM can be produced by the inhbition of form I. Although, the final product purity is 

another critical aspect of  industrial crystallisation process development and the promoted 

incorporation of an additive or impurity (such as MCM) may not be acceptable for 

commercial manufacture. 

 

PCM form III has been reported as highly unstable in air and the crystal structure of this 

polymorph was solved using high quality laboratory X-ray Powder Diffraction (XRPD) 

data by Perrin et al. in 2009.52 The first air-stable formulations of PCM form III were 

reported by Telford et al. in 2016.53 Forms I and II are the PCM polymorphs of interest 

for the solution crystallisation work carried out in this thesis. Whilst under ambient 

conditions, PCM form II is thermodynamically less stable than form I, form II has a higher 

density and according to the Le Chatelier principle it should therefore, be more stable at 

high pressure.54 In 2005, Espeau et al. reported that PCM form II is the thermodynamically 

preferable phase at high pressure, from the construction of topological pressure-

temperature and temperature-volume phase diagrams.55  

 

Diamond Anvil Cell (DAC) technology provides a high pressure environment, in which 

PCM solid-state transitions or crystallisation from solution have been reported, together 

with the use of  X-ray Diffraction (XRD) and/or Raman spectroscopy for structural 

characterisation.56-59 In 2002, Boldyreva et al. reported that when a powder sample of 

PCM form I was pressure cycled slightly beyond 4 GPa, a partial transformation of form 
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I into form II was observed.56 However, these experiments were described as being 

kinetically hindered and poorly reproducible.56 In 2014, Smith et al. reported that 

transitions between a powder sample of form I to II begin at 4.8 GPa, persist until ~6.5 

GPa and at ~8.5 GPa, form II was generated. 58 The authors also provided evidence for 

the existence of forms IV and V at pressures ~8 GPa  and ~11 GPa, (persisting until ~21 

GPa), respectively.58 Rather than high pressure solid-state transitions, Oswald et al. 

reported high pressure crystallisation of PCM form II from acetone, dioxane and water 

solutions by exploiting the (typical) decrease in solute solubility under high pressure.57 

Experiments that were performed in a DAC (∼0.4 GPa), yielded single crystals that were 

all subsequently identified by XRD to be form II.57  

 

In 2019, Ward and Oswald reported high pressure PCM crystallisation via anti-solvent 

addition, using water as the anti-solvent and an aqueous solution of methanol as the 

solvent system.59 An initial screening of the process was carried out in a DAC (0.8 GPa), 

where microscopic monitoring was performed to study the process. However, since the 

dimensions of a typical DAC (~ 200 μm diameter) severely limits the sample volume of 

study, a Large Volume Press (LVP) was employed for further experiments, in which a 

maximum pressure of 0.8 GPa was possible. Since the LVP is entirely enclosed, 

monitoring of the high-pressure nucleation was not possible and structural 

characterisation was performed following decompression to ambient conditions.59 An 

important observation made in this study was solution-mediated transformation of form II 

(the preferentially nucleated form under high pressure) to form I, during decompression. 

On lowering the pressure, the solubility increases and thus, crystallised material can re-

dissolve (depending on the saturation status of the solution) and at low pressure, form I is 

more stable and will be preferentially crystallised. A fast isolation procedure (~ 10 minutes) 

following decompression was performed, which prevented further solution-mediated 

transformation.59 From XRPD analysis of recovered powder samples, mixtures of form I 

and II were reported.59 
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1.1.5. Growth 

Crystal growth rates are influenced by process conditions such as the supersaturation, 

temperature, pressure, mixing conditions and the presence of additives or impurities.2 A 

schematic of adsorption sites of growth units on the face of a bulk crystal has been 

reproduced in Fig. 1-8. 

 

Figure 1-8 Schematic of adsorption sites of growth units at kink, step, and terrace 
locations on the face of a bulk crystal (reproduced from Lee et al.60) 

 

Lovette et al.61 summarised the processes that are thought to occur in series, during the 

growth of a crystal face from solution:  

 (1) Solute molecules are transported from the bulk solution towards the face by 

convection and diffusion 

(2) Solute molecules and kink sites shed their surrounding solvent molecules (desolvate) 

and solute molecules are incorporated into kink sites 

(3) The latent heat of crystallisation is released and transported to the crystal and solution 

The growth rate of a crystal face is limited by the slowest of these processes.62, 63 The 

process of solution growth for organic molecular crystals, such as PCM typically involves 

sequential adsorption at the terrace and then the step, before entering the kink site.64   
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On an industrial scale, crystallisation predominantly remains a molecular-level process.34 

Purification occurs via molecular recognition, whereby impurities can be rejected due to 

the energetically less favourable fit of most impurity molecules into the lattice of the target 

molecule.7 The rejection of the impurities requires the replacement of an impurity 

molecule by a target molecule, the latter being more strongly bound.  

Aside from the processes at the interface of a bulk crystal, transport phenomena in the 

bulk of the mother phase also greatly influence growth and hence the purification process. 

Crystal growth from solution is limited by mass transfer, which requires a certain 

concentration gradient (supersaturation).7 The relative growth rate of the crystal faces 

determines the final crystal morphology. The main reason that morphologies change with 

supersaturation is because certain families of faces enter different growth regimes, so 

increasing the supersaturation can accelerate growth rates and result in morphological 

changes such as faces growing out, extending aspect ratio etc.65 In the context of 

purification, fast growth conditions will inevitably lead to a kinetic incorporation of some 

impurity molecules, since the opportunity for impurity desorption and replacement of 

target molecules decreases.66 During growth, mixing significantly affects the mass transfer 

rate of both the solute target molecules to the growing crystal surface and the impurity 

molecules away from the crystal surface into the bulk solution.7 By increasing the mixing 

intensity, the mass transfer rate increases and the thickness of the interfacial diffusion 

boundary layer between the growing crystal surface and the bulk solution decreases.7  

The presence of additives and impurities have been widely reported to influence crystal 

growth rates and crystal morphologies.67-70 Impurities are incorporated via adsorption into 

the crystal lattice or onto the crystal surface and also via mother liquor inclusion in the 

crystals.7 Incorporated impurity molecules may block or inhibit the growth of the face.66 

On the contrary, additives are employed to promote crystal growth rates.71 PCM 

structurally similar impurities of interest in this work are acetanilide (ACE) and MCM. 

The corresponding molecular structures are presented in Fig. 1-9. MCM and PCM are 

regioisomers, whilst ACE lacks the hydroxyl group positioned para-/meta- relative to the 

amide group.  
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Figure 1-9 Molecular structures of paracetamol, metacetamol and acetanilide 

 

Hendriksen et al. studied the effects of structurally similar impurities on the crystallisation 

of PCM.72 The authors reported that, to varying degrees both ACE and MCM: (a) block 

adsorption of PCM molecules (therefore inducing morphological changes), (b) dock onto 

the surface and become incorporated into the crystal lattice and (c) disrupt the emerging 

nucleus and thus inhibit the nucleation process. The stronger blocking ability of ACE, 

compared to MCM was attributed to the lack of hydroxyl groups (proton donor) in ACE 

to contribute to the existing hydrogen bonding network in PCM, which blocks further 

addition of PCM molecules.72 The authors also reported that the aspect ratios of PCM 

crystals were extended when grown in aqueous solution by a cooling method, with 

increasing quantities (mol %) of impurity added. This extension was more severe in the 

case of MCM and by calculation of segregation coefficients, it was determined that uptake 

levels of MCM were appreciably higher in the grown PCM crystals than in the case of 

crystals grown in the presence of ACE.72  

Thompson et al. also grew PCM crystals in the presence of ACE and MCM in aqueous 

solutions by a cooling method.68 The authors reported that the characteristic morphology 

of monoclinic PCM crystals was only moderately altered by the presence of ACE, but in 

the presence of MCM, PCM crystals adopted a more columnar shape (with a higher aspect 

ratio).68 Scanning Electron Microscopy images of typical PCM crystals obtained from this 

study are reproduced in Fig. 1-10.  
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Figure 1-10 Paracetamol crystals grown (a) without added impurities, (b) in the 
presence of 4 mol% acetanilide and (c) in the presence of 4 mol% metacetamol 

(reproduced from Thompson et al.68) 

 

The uptake levels of ACE/MCM in the resulting PCM crystals were not reported, but from 

the previous study by Hendriksen et al.72 it is expected that the uptake of MCM in PCM 

crystals grown with this impurity would be higher than in the case of ACE.  

In 2020, Urwin et al. provided a workflow for the management of impurities during 

industrial crystallisation process development.73 Amongst the case studies presented was 

PCM crystallised in the presence of MCM and ACE. The workflow involved a series of 

general experiments using standard laboratory instrumentation through which, 

discrimination between impurity incorporation mechanisms was achievable. The authors 

determined that adhesion of ACE to the surface of PCM as the incorporation mechanism. 

Whereas it was reported that MCM is incorporated into PCM during growth through 

partial miscibility and therefore it was concluded that it will be very difficult to remove 

MCM through a single cooling crystallisation.  

It is important to note that crystal growth is also influenced by the crystallisation solvent, 

as demonstrated by Saleemi et al. in a study of PCM crystallisation in the presence of (1-

4 mol %) MCM in both isopropyl alcohol and water.74 The presence of MCM resulted in 

a distinct morphological change of pure PCM from the characteristic tabular habit to a 

columnar habit, which is consistent with aforementioned reports.68, 72 The average size of 
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the PCM crystals was reportedly affected by combined solvent and impurity effects.74 In 

the presence of 4 mol% MCM, the PCM crystals obtained from water were observed to 

show a more pronounced morphological change and they were also significantly larger 

than crystals obtained from isopropyl alcohol.74 In a study of predicted morphologies of 

PCM form I in 30 solvents, of various classes, Li and Doherty predicted that lower solvent 

dispersive energies correspond to PCM crystals with lower aspect ratios grown from 

hydrogen bond accepting solvents.75 Higher aspect ratios of PCM crystals corresponded 

to higher solvent dispersive energies of chlorocarbon, hydrocarbon and water solvents.75 

This is consistent with the more pronounced morphological changes (extended aspect ratio) 

of PCM crystallised in the presence of MCM in water compared to isopropyl alcohol 

observed by Saleemi et al.74 

The topic of crystal growth is substantially more mechanistically complex than the current 

overview has presented. A recent textbook, edited by Roberts, Docherty and Tamura 

provides a more comprehensive discussion on this topic, along with current research 

focuses.76  
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1.2. Acoustic Cavitation 
 

Cavitation corresponds to the formation, growth and collapse of bubbles in a liquid, as 

outlined in Fig. 1-11. The effects of cavitation phenomena can be advantageous or 

detrimental, depending on the occurrence. Cavitation can cause severe erosion damage of 

ship propellers and hydraulic machinery, which led to vast research efforts into avoiding 

these undesired effects in the 1950s.77-79 Cavitation has been utilised in medical research 

and recently it has been demonstrated to selectively destroy cancer cells.80 Furthermore, 

chemists have used cavitation to drive chemical reactions such as heterogeneous catalysis, 

where reactivity increases of close to a million fold have been reported.81 The collapse of 

a cavity in solution releases a significant amount of energy within a localised volume, 

which has been identified as being highly valuable for application to chemical process 

intensification.82 

 

Figure 1-11 Schematic of cavitation phenomena (adapted from Holkar et al.82) 

 

Principally, cavitation can be generated via pressure variation or energy deposition. 

Lauterborn further classified cavitation into four types83: 

1. Hydrodynamic Cavitation:  Produced by pressure variation obtained using the 

geometry of the system e.g. high-speed water flow  

2. Acoustic Cavitation: Produced by pressure variation when ultrasound is propagated 

through a liquid. 

3. Optical Cavitation: Produced by photons of a high intensity laser rupturing a liquid.  

4. Particle Cavitation: Produced by an elementary particle beam rupturing a liquid.   
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Acoustic cavitation is the predominant mode of cavitation generation investigated in this 

thesis, which is outlined herein, culminating with an overview of cavitation detection 

methods. The topic of optical cavitation will be addressed in Section 2.2.2. 

 

1.2.1. High-Power Ultrasound Field Generation 

Sound waves with an oscillating frequency above 20 kHz are defined as ultrasonic.84 

Aside from acoustic cavitation, acoustic streaming is also a consequence of ultrasound 

being propagated through a liquid. Streaming creates a steady flow, which generates a jet 

of fluid in the acoustic field.85 Depending on the application, the frequency region of 

ultrasound can broadly be divided into two categories: power ultrasound (20 kHz – 5 MHz) 

and diagnostics (5 MHz – 20 MHz). The diagnostic frequency range is above the 

frequency limit at which acoustic cavitation is generated.86 Within power ultrasound, the 

sub-category of high-power ultrasound (20 kHz – 100 kHz) is where the highest energy 

intensities from acoustic cavitation are observed, which is most suitable for intensifying 

chemical processes.87 These high-energy effects can be explained by bubble size as a 

function of the resonance frequency (𝑓௥ ). 1933, Minnaert presented his theory on the 

resonance frequency of bubbles from the sounds produced by bubbles in water.88  

Equation 1-3 displays an approximation for 𝑓௥ , which is inversely related to the 

equilibrium radius (𝑅଴) of a bubble.  

      𝑓௥ ≈ 3/𝑅଴                                                       (1-3) 

At low ultrasonic frequencies and therefore longer pressure cycles, bubbles can grow 

larger, which accordingly leads to larger collapse intensities.89 On a laboratory scale, high-

power ultrasound fields can be generated using equipment designed for high shear mixing, 

degassing or cleaning, with an ultrasonic horn or bath (generally operated at frequencies 

between 20-40 kHz). Ultrasound is produced via a transducer, which typically comprises 

of piezoelectric material that converts the high frequency electronic excitation into 

mechanical vibration, resulting in sound waves propagating into media bounding the 

piezoelectric element (including any load medium). In order to highlight the difference in 
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the spatial distribution of maximum acoustic pressure (red) generated in an ultrasonic bath 

and an ultrasonic horn, qualitatively, simulated acoustic pressure field distributions have 

been reproduced in Fig. 1-12. Water is the medium in both cases. 

 

 

Figure 1-12 Simulated acoustic pressure field distribution in (a) a 40 kHz ultrasonic 
bath (reproduced from Zhong90) and (b) the central plane of a 20 kHz ultrasonic horn 

immersed into a reactor (reproduced from Sutkar et al.91) 

 

Ultrasonic horns generate intense bulk fluid shear and heating in addition to cavitation, 

which is delivered over an active zone localised near the horn tip, as shown in Fig. 1-12 
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(b).92, 93 This predominantly generates a spatially decaying travelling wave, with a high 

density of bubble cloud gathered at the probe tip.94 The ultrasonic horn is in direct contact 

with the liquid medium and erosion of the probe tip over long periods of use have been 

observed.95 A typical ultrasonic bath comprises a multi-transducer arrangement bonded to 

the metal walls of the tank and a six-transducer arrangement was simulated in Fig.1.12 (a). 

A standing wave is generated due to reflections at the bath wall and liquid surface. 

Although, in reality a mixture of travelling and standing waves are produced, due to 

considerable sound attenuation and resulting interference from the arrangement of the 

transducers.84An indirect and non-uniform sound field is delivered to the liquid medium.96  

In a continuously driven sound field, the intensity of ultrasound is attenuated by the 

molecules of the liquid and due to viscous interactions, a proportion of the mechanical 

energy of the wave is converted to heat.97 Attenuation of the sound wave can also arise as 

result of reflection, refraction, diffraction or scattering of the wave. The intensity (I) of 

the ultrasound at a distance (d) from the ultrasound source is given by:97  

                                                        𝐼 = 𝐼଴ exp (−𝛼𝑑)                                                   (1-4) 

Where I0 is the intensity at the tip of the source and α is the attenuation coefficient, which 

is obtained from:                                                                                                                       

𝛼 = 8𝜇𝜋ଶ𝑓ଶ / 3𝜌𝐶ଷ                                               (1-5)                                           

Where ρ is the liquid density, μ is the liquid viscosity, f is the driving frequency and c is 

the speed of sound in the liquid, which can be obtained from the Newton-Laplace equation: 

 𝑐 = (𝐾/𝜌)ଵ/ଶ                                                    (1-6)                                           

Where 𝐾 is the elastic bulk modulus of the liquid.  

 

1.2.2. Bubbles under an Applied Ultrasound Field 

In 1917, Lord Rayleigh proposed a model to describe the collapse of a spherical cavity.98 

The equations presented are still applicable today, in the context of a freely collapsing 
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bubble. The Rayleigh collapse time (𝛵௖ ) of a bubble of maximum radius (𝑅௠௔௫ ) is 

expressed as:99 

    𝛵௖  ≈ 0.915 · 𝑅௠௔௫ ඥ𝜌଴ /𝑃଴                                      (1-7) 

Where 𝜌଴  is the liquid density and  𝑃଴ is the ambient pressure. Plesset expanded upon this 

work in 1949 to include an acoustical driving term, forming the basis of the Rayleigh-

Plesset equation to describe the oscillation of an acoustically driven bubble.100 Many 

authors have built upon this over the past century and equation 1-8 is a generalised version: 

          𝑝௚(𝑅, 𝑡) = 𝜌 ൛𝑅�̈� +  
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     (1-8) 

Where �̇�and �̈� represent the first and second order time derivatives of the bubble radius, 

respectively. 𝑝௚(𝑅, 𝑡) is the pressure in the bubble, 𝑝ஶ is the pressure in the liquid at a 

large distance from the bubble, and 𝜌 is the liquid mass density. The first part of this 

equation was originally derived by Lord Rayleigh (1917) and Plesset (1949).98, 100 Then, 

the surface tension constant of the bubble, γஶ was added by Noltingk and Neppiras (1950-

51).101, 102 The coefficient of the viscosity of the bulk liquid, ηஶ  was introduced by 

Poritsky (1952).103 The first order curvature corrections in the surface tension and 

viscosity were later added by Dzubiella via the empirical coefficients, δ்  and δ௩௜௦ (2006-

07).104, 105 Man et al. recently noted that whilst the Rayleigh-Plesset equation provides a 

description of the dynamics of bubbles from a macroscopic point of view, it is unclear 

whether it is applicable to describe dynamics of microscale or nanoscale bubbles.106  

The threshold pressure required for acoustic cavitation is considerably below the tensile 

strength of a given liquid. Under an applied acoustic field, existing gas nuclei present in 

the liquid are “activated”, according to Leighton.107,108 These bubble nuclei oscillate and 

can grow during cycles of compression and rarefaction (positive and negative pressure). 

Bubbles may dissolve if the applied pressure is below the threshold value. At above a 

threshold pressure, bubbles can expand to reach a critical size, at which they become 

unstable and undergo inertial collapse, followed by fragmentation and the creation of new 
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cavitation nuclei. A summary of the potential processes that bubbles can undergo in an 

acoustic field has been reproduced in Fig. 1-13.  

 

Figure 1-13 Processes associated with bubbles in an acoustic field (reproduced from 
Lee109) 

 

Inertial bubble collapse has been reported to simultaneously generate highly localised 

extremes of temperature and pressure, alongside liquid jets, shockwaves, microstreaming, 

sonoluminescence and the production of free radicals.95 Due to rapid bubble collapse, 

energy is released that does not have time to be transferred to the surroundings and 

therefore, local “hot spots” are said to be produced.81, 110 The first proposal of these “hot 

spots” for application in driving chemical reactions was made by Noltingk and Neppiras, 

in 1950.101 Suslick has since reported temperatures of ca. 5000 °C and pressures of ca. 

100 MPa and cooling rates above 1010 K s-1 immediately following bubble implosion.111 

Inertial cavitation is responsible for the formation of large shockwaves, defined as the 

propagation of a discontinuity in pressure, in a medium.84 Shockwaves generated from 

bubble collapse have been reported to have velocities as high as 4000 ms-1 and high 

pressure amplitudes of 106 kPa.112 The generation of flow formed by the oscillations of 
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microbubbles in a continuously driven pressure field has been termed microstreaming.113 

These oscillations are transferred via the boundary layer surrounding the bubble, 

generating convective motion in the liquid.114  

Transient and stable cavitation are the two types of inertial cavitation. Transient bubbles 

are predominantly generated at lower frequencies; these are short lived and typically 

collapse in less than one acoustic cycle.115 Stable bubbles, however undergo repetitive 

inertial collapse.116  The processes of rectified diffusion and bubble—bubble coalescence 

have been reported to control bubble growth and hence the cavitation activity.117 In 

bubble-bubble coalescence, smaller bubbles coalesce to produce a larger bubble, which 

takes a much shorter time to reach the resonance size compared to rectified diffusion.117 

Coalescence increases the bubble size, and these larger bubbles can become buoyant when 

they reach a size above resonance range, above which they are no longer influenced by 

the acoustic field (as described in Fig. 1-13).118  

Rectified diffusion refers to the growth of a cavitation bubble due to uneven mass transport 

across the bubble wall over many cycles of rarefaction and compression. 119 During the 

rarefaction phase, gases and volatile solvent molecules diffuse into the bubble and 

material from inside the bubble diffuses out during the compression phase. Crum has also 

suggested a shell effect, considering a liquid shell next to the bubble wall.119 As the bubble 

shrinks, this shell increases in thickness and lowers the gas concentration within the shell, 

hence decreasing the gas concentration gradient. The shell compresses during bubble 

expansion, which causes the gas concentration within the shell to become higher than that 

at the bubble interface. With the shell thickness at a minimum, a steeper concentration 

gradient increases the mass transfer rate of the gas into the bubble.117 Furthermore, these 

gas molecules absorb energy upon collapse and cushion the implosion.116 Therefore, 

stable bubble implosion produces lower thermal and mechanical effects. In contrast, 

transient bubbles expand very rapidly to at least double their initial size. During this short 

time frame, the dissolved gasses have insufficient time to cross the bubble-liquid interface 

and do not accumulate inside the bubble.120 Simulated phenomena associated with stable 

and transient cavitation has been reproduced in Fig. 1-14. 
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Figure 1-14 Simulated cavitation phenomena for (a) transient and (b) stable 
cavitation (reproduced from Parkar et al.121) 

 

The minimum conditions for acoustic cavitation depend on the liquid properties, initial 

bubble size, acoustic pressure and frequency.107 These factors are described in expressions 

such as the Blake threshold and inertial limit, as defined by Flynn122, 123 and Apfel.124, 125 

These expressions can be used to show that threshold pressures for cavitation generation 

can be more easily overcome at lower frequency and higher initial bubble size.  

Simulated zones of stable cavitation, transient cavitation and bubble dissolution in water 

and at a driving frequency of 20 kHz, carried out by Horst et al.126  are shown in Fig. 1-

15. 
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Figure 1-15 Simulated regions of stable cavitation, transient cavitation and dissolving 
bubbles at 20 kHz as a function of  bubble size and acoustic pressure (reproduced 

from Horst et al.126). The acoustic pressure (Pa) is normalised by the bulk pressure (P∞) 
of 1 bar. The bubble radius (R) is normalised by the resonant radius (Rr) of 150μm.  

 

From the simulated data, it may be concluded that at the same (high-power ultrasound) 

driving frequency, transient cavitation is dominant at higher driving pressures, but at 

resonance size (R ≈ Rr), stable bubbles are predominantly generated.126  At below the 

threshold size and pressure, bubbles will dissolve.126 In the case of high-power ultrasound 

fields, Ashokkumar et al. have reported that there will always be a combination of stable 

and transient bubbles present, but one type will be more prevalent.127 Ashokkumar et al. 

further suggested that travelling waves promote bubble shape distortion, resulting in 

asymmetrical bubbles and thus, more transient behaviour.116 The authors also proposed 

that standing waves promote the existence of stable bubbles as they do not create the 

bubble shape distortion associated with transient cavitation.116  

In multi-bubble fields, the spatial distribution of bubbles is not homogeneous. Primary 

Bjerknes forces (acoustic radiation forces generated within the sound field) and secondary 

Bjerknes forces (attractive and repulsive forces between oscillating bubbles) are often 

dominant phenomena, which can lead to bubble ensemble structures.128 It was initially 

Blake who noted that cavitation bubbles can form streamers in which the microbubbles 
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appear as long, twisting streams.129 In this case, primary Bjerknes forces drive the bubbles 

towards a region of high acoustic pressure in the sound field and they can also form 

junctions due to attractive secondary Bjerknes forces. Examples of structures, such as a 

bubble cluster and streamers are shown in Fig. 1-16.  

 

Figure 1-16 Bubble ensemble structures (reproduced from Lauterborn and Mettin128) 

 

These structures are not static, with coalescence and fragmentation of bubbles repeatedly 

occurring in an acoustic field.130 Moreover, Mørch studied the bubble dynamics of clusters 

and reported that these structures can collapse in such a cooperative manner that they 

develop cavitation jet velocities and shockwave intensities much in excess of individual 

bubbles.131 This concerted collapse starts at the boundary of a bubble cloud and proceeds 

until collapse of bubbles at the cloud centre occurs. As a result, shockwaves from multiple 

bubbles converge together and form a single shockwave with a much higher shockwave 

intensity (several hundreds of kPa) than the collapse of multiple single bubbles.132 Both 

primary and secondary Bjerknes forces are influenced by the bubble separation distance, 

bubble size, driving frequency and acoustic pressure.133  

A multi-bubble field is a highly complex and dynamic system. The spatial distribution of 

bubbles is inhomogeneous and temporally changing with the movement, fragmentation, 

and coalescence of bubbles.134 The physical phenomena connected with bubble collapse 

i.e. acoustic and light emission, provide opportunities for measurement.  
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1.2.3. Cavitation Detection 
 

Sonoluminescence (SL) is the light emission phenomenon from collapsing cavitation 

bubbles.135 Both Yasui et al. and Lauterborn et al. have discussed the state of knowledge 

on the underlying mechanisms of SL, which is beyond the scope of this thesis.136, 137 In 

essence, single-bubble sonoluminescence (SBSL) refers to SL from a stable oscillating 

bubble trapped at the antinode of a standing wave.138 SBSL was first reported by Gaitan 

and Crum in 1990 and towards the end of the decade, the pulse width of the light was 

experimentally determined to range from 40–350 ps.139-141 SL from a cloud of cavitating 

bubbles is termed multi-bubble sonoluminescence (MBSL) and the first reports of MBSL 

were in the mid-1930s.142, 143 In MBSL, irrespective of standing or travelling waves, 

transient species formed during the collapse of bubbles emit light, which is proportional 

to the energy intensity of the collapse.144 Images of sonoluminescing bubbles have been 

reproduced in Fig. 1-17.  

 

Figure 1-17 Images of sonoluminescing bubbles. In (a) a long-term exposure 
photograph of a single sonoluminescing bubble in water, trapped in a standing wave at 

25 kHz (reproduced from Geisler145). In (b) a true colour photograph of a cloud of 
sonoluminescing bubbles in xenon gas-saturated sulphuric acid, generated by an 

ultrasonic horn at 20 kHz (reproduced from Suslick and Flannigan146)  
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Acoustic pressure is the predominant detection technique employed throughout this thesis, 

which is discussed herein. Hydrophones produce an electrical response to an acoustic field. 

This instrument is constructed with an active element, usually made from a piezo-polymer 

such as polyvinylidene fluoride (PVDF).  When a hydrophone is placed within an acoustic 

field, it will produce a voltage signal in response to the surface integral of the acoustic 

pressure received over its active element. The needle hydrophone tip employed throughout 

this thesis is shown in Fig. 1-18, which exhibits high sensitivity, a wide bandwidth (100 

MHz) and it is suitable for both high and low frequency fields. It was calibrated over the 

range 20 kHz-20 MHz by the National Physical Laboratory (NPL) in May 2019 

(Certificate Reference: 2018100442-3). 

 

Figure 1-18  Dimensions of the needle hydrophone tip constructed with a 1.0 mm 
diameter PVDF active element disc (reproduced from Precision Acoustics147)  

 

Most acoustic measurements require the maximum value of the acoustic pressure field to 

be located.147 Acoustic output parameters are obtained from a waveform of acoustic 

pressure and recommendations for characterisation from this have been published by the 

International Electrotechnical Commission.148 The acoustic pressure (P) can be obtained 

from the raw output voltage of the hydrophone (V) and the sensitivity of the hydrophone 

as a function of frequency (M(f)): 

𝑃 =
௏

ெ(೑)
                                                       (1.9) 

 

Time-domain signals are not immediately informative however, these waveforms can be 

decomposed into sum of sine waves of different frequencies via Fourier Transform.149 
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Whilst time-domain data describes signal changes over time, frequency-domain data 

shows how the signal's energy is distributed over a range of frequencies. The Fast Fourier 

Transform (FFT) is the digital equivalent of a Fourier Transform, which can be executed 

with the FFT function using the signal processing package in MATLAB®.  An example 

of an acoustic emission spectrum obtained from FFT is provided in Fig. 1-19. 

 

 

 

Figure 1-19 Example Fast Fourier Transformation of a time-domain waveform 
measured in water at 40 kHz, which is marked by the red circle in (b). 

 

Cavitation bubbles act as secondary acoustic sources and the emission spectra contain 

information about the type of bubble collapse.150 Since Esche published his seminal work 

on acoustic emissions from cavitating bubbles in 1952, numerous studies involving 

acoustic detection of cavitation in water have been reported.151-156 In order to aid 

discussion on the typical features of acoustic emission spectra obtained from FFT of 

hydrophone signals measured in an acoustic cavitation field, an example from Lauterborn 

and Mettin has been has been reproduced in Fig. 1-20.128  
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Figure 1-190 Acoustic emission spectra where the drive power (unspecified) at 23 kHz 
in water is increased from (a) to (d) (reproduced from Lauterborn and Mettin128). 

 

The acoustic spectrum displays lines corresponding to: 

1. The fundamental frequency (f0) (marked by the triangle at 23 kHz in all spectra shown 

in Fig. 1.20), overharmonics (nf0, where n is an integer) and ultraharmonics (kf0/n 

where k is an integer ≠ n); where pulsating stable bubbles contribute to an increase in 

f0, nf0 and kf0/n with increasing drive power, together with further contributions from 

non-linear bubble dynamics 

2. Subharmonics (f0/n, where n is an integer) which arise due to the excitation of bubbles 

at sub-harmonic resonances and are visible in spectra (b) to (d) in Fig. 1.20 

3. Broadband noise between the frequency lines and this is the signature of transient 

bubble implosion,157 which is most prevalent in spectrum (d) in Fig. 1.20 

According to Hodnett and co-workers from NPL, the broadband noise is proportional to 

both the number and energy on collapse of transient cavitation bubbles.158, 159 In order to 
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separate the broadband noise from spectral lines corresponding to stable cavitation  

phenomena, the Broadband Integrated Voltage (BIV) is obtained by eliminating all 

fundamental, overharmonic, subharmonic and ultraharmonic frequencies from the 

acquired spectrum: 

                                        BIV = ∫ [𝑉ୗ(𝑓) − 𝑉୒(𝑓)]
೑೐

೑ೞ
𝑑𝑓                                         (1.10) 

where 𝑉ୗ(𝑓) represents the output voltage received from the hydrophone after these have 

been removed. 𝑉୒(𝑓) represents the output voltage of the background noise. fs  represents 

the  integration start frequency and fe corresponds to the stop frequency. In place of 

eliminating the spectral lines prior to background removal and integration, some authors 

have focussed on the high frequency zone of the spectrum where no more harmonics 

appear (>1 MHz).160-163 Recent work by Grosjean et al. and Nguyen et al. presented BIV 

determinations where the spectrum was integrated over the entire frequency range of the 

acoustic emission spectrum acquired, which is considered to be more rigorous than 

focussing on the high frequency zone of the spectrum.164,165 

The work in this thesis involves hydrophone measurements in fields generated by high 

power ultrasound, as well as laser irradiation. Therefore, it is important to also discuss 

acoustic emission spectra obtained from the measurement of laser-nucleated bubbles. 

With regards to the acoustic emission spectrum obtained from hydrophone measurements 

in a laser-induced cavitation field, only spectral lines corresponding to broadband noise 

are observed, which can be integrated to give the BIV.  

In the development of a reference facility involving both optical and acoustic fields for 

generating single cavitation bubbles and bubble clouds at NPL, Wang et al. compared 

acoustic emission spectra obtained from hydrophone measurements in water of acoustic 

cavitation and optical cavitation (selected data has been reproduced in Fig. 1.21).159  
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Figure 1-201 Comparison of acoustic emission spectra generated from hydrophone 
measurements of (a) 29 kHz ultrasound propagation in water (0–360 mV pp) and (b) 

532 nm laser irradiation generation (0.6–42.8 mJ) in water (reproduced from Wang et 
al.159) 

 

The authors reported the threshold for bubble nucleation by optical excitation at above 1.6 

± 0.2 mJ (15 mm beam diameter) from high-speed imaging observations. The threshold 

for acoustic cavitation generation was reported as > 100 kPa, which was obtained at 

amplitudes > 160 mV pp drive (at 29 kHz).  
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Review: Initiating Crystallisation by 

Application of Sound and Light  
 

With the global market for pharmaceuticals projected to reach $1.5 trillion by 2023,166 

industry experts have deemed it “essential” for continuous manufacturing to be 

implemented in order to meet the future demand for sustained access to quality 

medicines.167 Continuous production can be described as a process with various steps in 

flow and it is characterised by the input of raw materials running concurrently with 

product removal. It has been established that the continuous crystallisation of drug 

substances can offer advantages such as precise process control, higher efficiency process 

operation and consistent product quality; compared with less agile batch production.168-172  

Although continuous crystallisation is beyond the scope of this thesis, it is important to 

mention, since the potential application of external fields has been identified as 

particularly advantageous for initiating continuous crystallisation processes.9 McGinty et 

al. recently noted that nucleation induction at lower supersaturation levels would be highly 

desirable for delaying the onset of encrustation in the crystalliser, together with the greater 

product purity associated with lower supersaturation growth conditions.9 The application 

of external fields, such as laser irradiation and high-power ultrasound propagation have 

been demonstrated to induce crystal nucleation within the generated field.173, 174 External 

fields provide an opportunity to manipulate process conditions on a local scale and the 

main benefit of application would be improved control over nucleation and elimination of 

the requirement for seeding. Other external fields that have been investigated for 

application in crystallisation include microwaves,175, 176 electric177, 178 and magnetic.179, 180  

The phenomena generated by laser irradiation and ultrasound propagation that lead to 

nucleation induction, are both still under investigation. This chapter provides an overview 

of mechanistic proposals from the recent literature. 
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2.1. Sonocrystallisation 
 

Sonocrystallisation is the application of ultrasound to initiate crystal nucleation and 

growth processes. Since ultrasonic wavelengths are significantly longer than bond lengths 

between atoms in a molecule, the crystallisation outcomes from applying ultrasound to 

the process are not due to interaction of the liquid with the sound waves rather, they are 

due to acoustic cavitation being generated in the liquid.181 Therefore, in order to rationalise 

the outcomes of sonocrystallisation processes, consideration of the phenomena associated 

with cavitation generation is required, in combination with the applied ultrasound 

parameters. This section comprises a discussion on ultrasound operating parameters, 

followed by the mechanisms that have been proposed for nucleation induction, 

polymorphism effects and crystal growth under an applied ultrasound field.  

2.1.1. Ultrasound Operating Parameters 
 

Bubble dynamics and the spatial distribution of bubbles can differ significantly depending 

on the sound field geometry, even if the operating frequency is the same. It has been 

suggested that previous reports on the effects of varying ultrasonic frequency on the 

cavitation activity, could actually have been related to the differences in the sound field 

geometries.182 Moreover, conditions such as the material of the vessel wall, power 

dissipation, both the physical properties and height of the liquid can significantly influence 

the sound field generated for sonocrystalllisation.109, 183-185 Therefore, comparisons made 

across the literature should be interpreted with caution, even if the same solute-solvent 

system was under investigation. In 1995, Crum provided recommendations from a 

cavitation physicist’s perspective, intended for chemists to utilise cavitation.183 

Incorporating Apfel’s golden rules of cavitation,124 they included;  

i. “Know thy sound field” as discoveries made cannot be replicated without accurate 

measurements and careful descriptions of the characteristics of the field. 

ii. “Know thy liquid” as cavitation bubble dynamics is very dependent on such variables 

as the dissolved gas concentration (and composition) and liquid vapour pressure. 
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iii. “Know thy dirt” as the source of bubble nucleation is most likely to originate on 

inhomogeneities that exist within the liquid. 

Overall, the majority of sonocrystallisation studies have not actually involved 

quantification of the cavitation activity. Typically, calorimetric measurements and/or 

acoustic power have been provided. The main reason for this is likely to be the specialist 

instrumentation required for quantifying the phenomena associated with bubble collapse 

(acoustic and light emissions).186 Several sonochemistry reports have described a levelling 

off, or even a decrease of cavitation energy when increasing the acoustic power, which 

was attributed to acoustic shielding effects (denser bubble clouds at higher powers 

increasing the attenuation of the acoustic wave).187-189 Therefore, acoustic power 

measurements can be misleading whereas, cavitation measurements allow quantification 

of the energy from “active” bubbles contributing to the observed sonocrystallisation 

outcomes.   

Parameter optimisation studies carried out in the last decade have reported that frequencies 

in the high-power ultrasound category (20-100 kHz) are best for inducing primary 

nucleation.190-192 This has been attributed to the generation of transient cavitation, together 

with the larger size of cavitation bubbles generating higher mechanical energies.193 In 

2014, Jordens et al. carried out a systematic investigation on the effect of frequency on 

the sonocrystallisation of PCM in water within a single reactor geometry, whilst 

maintaining a constant power dissipation.190 From the results obtained at 16, 41, 98 and 

165 kHz, it was concluded that 41 kHz was optimal for narrowing the MSZW and 

inducing nucleation, which was attributed to a likely optimal bubble size and population 

at this frequency.190  

In 2008, Kordylla et al. reported that the solvent properties (such as vapour pressure and 

surface tension) had no impact on the nucleation and crystallisation behaviour of 

dodecanedioic acid in acetonitrile, propyl acetate, and ethyl acetate.194 This study involved 

frequencies of 40.3, 355.5 and 1046 kHz however, crystallisation results were not 

explicitly reported or addressed at 40.3 kHz. Comparing the results at 355.5 and 1046 kHz, 

the greatest reductions in the metastable zone were at 355.5 kHz, which was attributed to 
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a greater efficiency of power transfer into the solution.194 However, the same power 

settings were applied across all frequencies, so the power dissipation inside the reactor 

was not constant across the frequency range investigated. There are no known studies on 

the effect of solvent properties on the sonocrystallisation outcomes, under an applied high-

power ultrasound field. 

In 2003, Price et al. reported solute-induced quenching and enhancement of MBSL 

(previously described in section 1.2.3) for aqueous solutions of two homologous series of 

methyl esters and ketones at 20 and 515 kHz.195 The effect of organic solutes on the MBSL 

emission intensities at 20 kHz (which was delivered via an ultrasonic horn) were found to 

differ significantly from measurements at 515 kHz (which was delivered via a plate 

transducer). The concentration range investigated was up to 200 mM at 20 kHz and 75 

mM at 515 kHz. Two factors were identified to explain the observed the observations: (i) 

the incorporation of solute and decomposition products within the bubble quench MBSL 

at 515 kHz and (ii) the prevention of coalescence of the bubbles, observed only at lower 

concentrations of solute (˂ 50 mM) at 20 kHz, which led to MBSL enhancement. It was 

concluded that at 515 kHz the predominant effect was stable cavitation, where a bubble 

undergoes many oscillations during its lifetime. Conversely at 20 kHz, the predominant 

effect was transient cavitation, where bubbles are short-lived and collapse more violently, 

producing larger mechanical effects such as the motion of solvent around the bubbles.195  

Price et al. later investigated acoustic emissions from collapsing cavitation bubbles 

generated using 20 kHz and 515 kHz ultrasonic frequencies in water, with the use of a 

cavitation meter (incompatible with organic solvents), which was developed by NPL.150 

The results provided a correlation of MBSL measured in water under the same 

experimental conditions as the previous report, which corroborated the difference in 

predominant types of cavitation as a function of frequency.150 

In 2017, Tzanakis et al. investigated the cavitation activity and the acoustic emission 

spectrum measured in water, ethanol, glycerine and molten aluminium.196 Cavitation 

detection was performed with a specifically developed cavitometer, in collaboration with 

NPL. The cavitometer was designed in order to withstand the physical conditions 
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associated with molten aluminium. The setup involved a 20 kHz ultrasonic horn immersed 

into a rectangular glass tank. The authors reported that the behaviour of the tested liquids 

differed significantly, implying that their physical properties dictated the cavitation 

activity.196 Cavitation intensities in water and glycerine were reported to be of a similar 

range and considerably higher than in ethanol. In ethanol, bubbles were observed to be 

dispersed and oscillating vigorously towards the surface of the liquid. Whereas a 

continuous bubbly streamer was established in the case of glycerine and a conical bubble 

structure was reported in the case of water.196   

In 2018, Lee et al. provided the first systematic study of a sonocrystallisation process and 

the MBSL intensity from transient cavitation, as a function of frequency and calorimetric 

power.191  Crystal nucleation was reported to occur at the antinodes of the standing wave 

and images showing a correlation between MBSL and crystallisation have been 

reproduced in Fig. 2-1.191 The results demonstrated that the threshold for crystal size 

reduction coincided with the power threshold for MBSL activity. 

 

Figure 2-1 Images correlating MBSL emission to sodium chloride crystal 
crystallisation from water (reproduced from Lee et al.191) 

 

Currently, there are no known studies linking acoustic emissions from cavitation bubbles 

to sonocrystallisation outcomes. There is also a requirement for further exploration of 
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cavitation activity measured in pure organic solvents, in which drug substances are 

typically crystallised.  

 

2.1.2. Nucleation Induction under an Applied Ultrasound 

Field 
 

In 1927, the first account of the effect of ultrasound on crystallisation was published by 

Wood and Loomis, where the authors reported the use of ultrasound to initiate paraffin 

wax crystallisation.197 However, almost a century since this report, the underlying 

mechanisms are still under investigation. Ruecroft provided a comprehensive overview of 

the developments in the field, alongside the equipment developed for the industrial 

sonocrystallisation of organic molecules prior to 2005.198  By this time, it was well 

established that ultrasound can induce primary nucleation and provide a method of 

reducing and narrowing the crystal size distribution.199-204 It was also established that 

ultrasound can induce secondary nucleation by fragmentation of existing crystals, as 

demonstrated by Chow et al. in an ice sonocrystallisation study.205  

In 2018, Kiss et al. published a roadmap for implementing sonocrystallisation in the 

pharmaceutical industry, with a timeframe of the application by 2026.206 A number of key 

issues were outlined, such as addressing the remaining fundamental questions around the 

underlying mechanisms, including control of polymorphic form, identifying working 

process parameters and scale up strategy.206 In 2019, Jordens et al.193 and Nalesso et al.186 

published in-depth discussions on the mechanisms proposed so far for sonocrystallisation. 

Some of these proposals are discussed herein, alongside additional reports from the recent 

literature: 

Enhanced Heterogeneous Nucleation at the Bubble Surface: 

It has been suggested that due to bubble generation in the solution with ultrasound, it is 

likely that in the majority of cases, primary nucleation will take place heterogeneously.193 

Hem first suggested the bubble surface acting as a nucleation site from sonocrystallisation 
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studies on hydrocortisone, in 1967.204 Wohlgemuth et al. provided evidence of this 

hypothesis by demonstrating primary nucleation enhancement in the presence of synthetic 

air gas bubbles in a supersaturated solution of dodecanedioic acid.207 Nucleation was 

enhanced heterogeneously by a lower surface free energy provided at the bubble 

surface.207 The same group have recently demonstrated nucleation induction via gassing 

(pure synthetic air) of a continuous crystallisation process with a L-alanine-water model 

system.208 

Cavitation bubble collapse can generate extreme temperatures and pressures.95 As 

previously discussed, the magnitude of each will depend on the bubble size and cavitation 

type.121 Several hypotheses have also been proposed for the effect of bubble implosion 

phenomena on primary nucleation: 

Segregation Theory:  

Dodds, Grossier and Louisnard collectively proposed a theory for segregation phenomena 

taking place between the solute molecules and the solvent under an acoustic field, in 

2007.209-211 In short, this can be described by solute molecules forming clusters that are 

supersaturated at the wall of an oscillating bubble, which  increases the cluster collision 

probability. During bubble implosion, the inward motion of the liquid is suppressed by 

the gas compression in the bubble and rapid acceleration of the liquid is created. Thus, 

clusters that have reached a critical size (and hence density) are expelled from the bubble 

into the bulk solution. Based on this hypothesis, molecular clusters with different densities 

will not be accelerated to the same extent. Jordens et al.193 cast doubt on this hypothesis, 

with a report of nucleation not being induced more quickly with a larger density difference 

between various solute and solvents (unspecified) investigated.  

Solvent Evaporation Theory: 

In 1970, Chalmers proposed that rapid heating of the solution surrounding an imploding 

bubble would result in evaporation of solvent from the bubble surface to the centre of the 

cavity, increasing the local supersaturation.212 However, Wohlgemuth et al. more recently 

reported an unaltered degree of supersaturation at the interfacial area for inducing 
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nucleation and from this,  solvent evaporation leading to a supersaturation increase was 

ruled out.207 

Ice nucleation from water is achieved via supercooling and the generation of acoustic 

cavitation has been reported to enhance mass transfer and freezing rates through the 

liquid.205 Since ice sonocrystallisation studies are single component, they can be 

considered more simplified on comparison with binary or tertiary systems. In 2016, Cogné 

et al. presented theoretical calculations of the increase in supersaturation for different 

initial bubble radii and acoustic pressures for the nucleation of ice at 29 kHz.213, 214 The 

authors reported that nucleation could be triggered from significantly increased local 

supersaturation generated during bubble implosion.213, 214 However, the timescale of this 

elevated supersaturation was reported as around 1 ns after the collapse, after which the 

local temperature rapidly returned to ambient conditions.213 From this, it can be interpreted 

that there is localised high pressure surrounding the cavity, at ambient temperature.186  

Nucleation under High Pressure and Shockwave Generation: 

In a 2011 sonocrystallisation study by Nalajala and Moholkar, it was reported that 

shockwaves generated from bubble implosion enhanced the nucleation rate of potassium 

chloride (KCl) solutions.215 This was rationalised as the pressure from shockwave 

propagation accelerating solute molecules with high force, increasing the number of 

collisions to form clusters which overcome the free energy barrier for nucleation.216  

In 2017, Liu et al. conducted a study in order to compare different methods of nucleation 

induction of glycine solutions, as a function of supersaturation.217 The methods employed 

were laser irradiation, high-power ultrasound and mechanical shock. The similarity of 

crystallisation outcomes, in terms of the total fraction of samples nucleated from each 

technique suggested a common mechanism involving localised pressure generation from 

bubble implosion causing localised supersaturation elevation.217  

In 1964, Hickling and Plesset theoretically calculated that the liquid pressure near the 

bubble wall increases to approximately 5 GPa following a violent, transient bubble 

collapse.218 On this basis, the authors proposed that high pressure generation is able to 
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nucleate metastable forms of ice.218 The aforementioned high pressure crystallisation 

work by Oswald et al. reported high pressure crystallisation of the metastable form of 

PCM, performed at ∼0.4 GPa.57 Also, solid-state transitions of PCM form I to II have 

been reported at ∼4 GPa.58 These pressure values are within range of the report by 

Hickling and Plesset.218 Therefore, it seems plausible that acoustic cavitation generates 

highly localised extreme pressures in the proximity of an imploded bubble, which might 

lead to a decrease in solute solubility and hence a localised region of enhanced 

supersaturation in the solution.  

The generation of acoustic cavitation has been reported to produce crystals with a different 

polymorphic form compared to silent conditions, for various compounds.217, 219-224 

Discussions on the mechanism behind this have involved an apparent supersaturation 

dependence, alongside a threshold cavitation energy; this is still under 

investigation.217,222,225  

 

2.1.3. Polymorphism Effects under an Applied Ultrasound 

Field 
 

On discussing the apparent supersaturation dependence of obtaining metastable forms via 

sonocrystallisation, Jordens et al. proposed that at high supersaturation levels, solute 

clusters have less time to re-orient and rearrange themselves during nucleation so that 

solution systems are likely to be trapped in a local energy minimum, which could lead to 

the formation of a less stable polymorphic form.193 It is yet to be explained why at the 

same supersaturation level, cavitation generation has been reported to produce a 

metastable form that was not produced under silent conditions.223 

In the case of PCM, Mori et al. reported a method of selectively crystallising form II, with 

ultrasound.223 Highly supersaturated aqueous solutions were prepared by slowly cooling 

a 32 mg/mL PCM solution to 0°C (corresponding to S = 4.4, based on a solubility of 7.21 

mg/mL of PCM in water at 0°C from Granberg et al.226). Sample vials (of 1 mL volume) 

were held between 0-2°C, either stirred in an incubator or insonated in an ultrasonic 
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cleaning bath that generated frequencies of 28, 45, and 100 kHz. Periodic insonation was 

applied (10 s on then 10 s off) to the solutions, up to 800 s and the experiment was stopped 

when crystallisation was observed. After which, the sample was transferred back to the 

incubator held at 0°C and following isolation, XRPD analysis was carried out. 

Reproduced crystallisation probability and assigned polymorphic forms, alongside 

microscope images of PCM crystals obtained are shown in Fig. 2-2: 

 

Figure 2-2 The selective crystallisation of form II paracetamol with ultrasound 
(reproduced from Mori et al.223). Top: Crystallisation probability and assigned form of 

PCM for unstirred and non-insonated (control) samples, stirred and non-insonated 
samples and samples insonated at 28, 45 and 100 kHz. Bottom: Microscope images of 
PCM crystals obtained from (a) stirring (b) insonation at 28 kHz and (c) insonation at 

45 kHz. The scale bar is 200 μm in (a) and 1 mm in (b) and (c). 

 

Control (non-insonated and unstirred) samples were reported to have not spontaneously 

nucleated within one month. Whereas all stirred samples produced form I PCM. With 

insonation at 28 kHz, all samples that did nucleate were determined to be form II PCM 

and at 45 kHz, 93% of samples that crystallised were determined to be form II. At 100 

kHz, samples did not crystallise, which was attributed to the less intense mechanical 
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energies generated at this frequency to induce nucleation.217 The authors proposed that in 

the case of selective form II nucleation, no form I was produced, since the presence of 

form I PCM initiates a rapid conversion to form I.217 It was also speculated that at 45 kHz, 

fluctuations of ultrasonic intensity in the bath led to some samples nucleating as mixtures, 

which eventually transformed to form I, before sampling.217  

Bhangu et al. later reported an anti-solvent PCM sonocrystallisation process which 

generated mixtures of form I and II.222 Anti-solvent sonocrystallisation was performed in 

a glass cell with the ultrasound transducer fixed at the base of the cell, operated at 

frequencies between 22 and 139 kHz and at calorimetric powers of 3, 6 and 10 W. The 

anti-solvent (200g water) was firstly placed within the cell (held at 5°C) and ultrasound 

was turned on as 30g of 30 % wt. PCM in ethanol solution was added to the cell. Solutions 

were insonated for 180s, before ultrasound was turned off and the samples were filtered 

and dried prior to analysis. Assignment of polymorphic composition was on the basis of 

aspect ratios from optical microscope images taken after the isolation procedure. The 

exact time of sampling was unspecified and since the conversion of form II to form I have 

been reported to occur over minutes, this may have also affected the accuracy of the 

polymorphic assignments.48 Although, it was also observed across all frequencies that the 

percentage of form II and induction time are inversely related to one another, which 

correlated with the MBSL intensity measurements.  

The authors stated that without ultrasound, only form I was observed (no images of 

crystals obtained under silent conditions were provided).222 Therefore, it would be 

expected that at the same supersaturation and below a threshold cavitation energy, no form 

II would be obtained. The generation of form II (of varying proportions) in mixtures with 

form I was reported across all ultrasound parameters investigated. Results of the assigned 

polymorphic compositions as a function of frequency and power, alongside microscope 

images of PCM crystals obtained from this study are reproduced in Fig. 2-3.  
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Figure 2-3 Paracetamol anti-solvent sonocrystallisation generating mixtures of form I 
and II (reproduced from Bhangu et al.222). Top: Assigned percentage of form II as a 

function of function of frequency at 3, 6 and 10 W calorimetric powers. Bottom: 
Microscope images of PCM crystals obtained at 22, 44, 98 and 139 kHz at 3W.  
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From the results, it was concluded that with an increase in frequency from 22 to 98 kHz, 

the percentage of the form II increased, whereas with a further increase in frequency, the 

percentage of form II dropped.222 It was further speculated that at 98 kHz there is an 

optimum condition between the population of cavitation bubbles and an appropriate 

magnitude of shear to promote the intermolecular interaction between molecules at the 

clustering phase prior to nucleation.222 Since it is known that PCM form II is the more 

stable form under high-pressure conditions, nucleation under high pressure seems more 

plausible to explain these observations. The results from this report appear analogous to 

the solvent-mediated transformation of form II to form I, observed by Ward and Oswald, 

on decompression following high pressure anti-solvent crystallisation of PCM form II.59 

On reducing the pressure, the authors reported that the solubility increased and depending 

on the saturation status of the solution, crystallised form II may have dissolved and 

recrystallised as form I, the more stable form under ambient conditions.59 In the study by 

Bhangu et al., it is presumed that to an unknown extent, solution-mediated transformation 

to form I took place prior to isolation.222  

Overall, the mechanism for polymorphic effects under an applied ultrasound field requires 

further investigation.  

 

2.1.4. Crystal Growth under an Applied Ultrasound Field 
 

The effects of ultrasound on growth need to be considered on the basis of the frequency 

applied. The fragmentation of existing crystals under high-power ultrasound fields have 

been attributed to the high-pressure shockwaves generated upon implosion of transient 

cavitation bubbles.95, 227 Zeiger and Suslick termed this process sonofragmentation.228 In 

a study involving the insonation of an aspirin suspension in dodecane with a 20 kHz 

ultrasonic probe, the authors established that the primary mechanism for 

sonofragmentation is via particle-shockwave interactions.228  Optical microscopy images 

from this work are reproduced in Fig. 2-4. 
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Figure 2-4 Sonofragmentation of aspirin crystals (reproduced from Zeiger and 
Suslick228). Images were obtained at times (a) before sonication (b) after 1 min of 

sonication (c) after 3 min of sonication and (d) after 10 min of sonication. Images are of 
the same magnification level.  

 

Furthermore, Gielen et al. described ultrasound-enhanced secondary nucleation 

(mechanical division of existing crystals) of PCM via sonofragmentation in a study that 

investigated ultrasound applied only before, and both before and after the induction 

time.229 A reduction in the crystal size was only obtained if ultrasound was applied after 

the induction time. Gielen et al. have also demonstrated the deagglomeration of crystals 

with high-power ultrasound with an unspecified Janssen commercial drug substance.230  

The propagation of ultrasound through a liquid can generate both acoustic cavitation and 

acoustic streaming.85 Streaming enhances bulk mass transfer whereas micromixing, from 

microbubble oscillations results in a thinning of the hydrodynamic boundary layer around 

particles in a suspension, enhancing mass transfer rates.231 Promoted crystal growth has 

been attributed to micromixing generation.193 In 2014, Nii et al. studied the growth of 

glycine crystals in an anti-solvent crystallisation process at 1.6 MHz.232 Under high 

frequency ultrasound, the incorporation of microcrystals during growth was interpreted as 

crystal agglomeration and therefore, the promotion of crystal growth.232 No polymorphic 

changes from the preferred α-form were reported. These observations are consistent with 

polymorphic changes via the generation of high pressure, produced by transient bubble 

collapse at low frequencies. Therefore, although this was an anti-solvent 
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sonocrystallisation procedure that generated high levels of supersaturation, polymorphic 

changes would not be expected since MHz frequency ultrasound was applied. 

There are few reports of crystal growth under the influence of a high-power ultrasound 

field. Amara et al. studied the growth rates of potash alum with ultrasound in a jacketed 

vessel bonded to a 20 kHz transducer.233 The authors concluded that the mass growth rate 

of potash alum was increased under ultrasound compared to that under silent conditions.233 

Jiang examined the sonocrystallisation kinetics of L-glutamic acid and reported that the 

effects of high-power ultrasound (generated from a 20 kHz horn) on crystal growth are 

supersaturation dependent. Ultrasound was found to accelerate growth rates at relatively 

low supersaturations and have no effect on growth at high levels of supersaturation.225  

As previously discussed in section 1.1.5, crystal growth rates greatly affect impurity 

uptake levels in impure systems. In 2017, Nguyen et al. reported greater impurity rejection 

from a PCM cooling sonocrystallisation process, in the presence of structurally similar 

impurities (ACE and MCM).234 The crystallisation solvent was isoamyl alcohol (IAA) and 

the crystallisation vessels were placed on top of a magnetic stirrer bath within a 35 kHz 

ultrasonic bath set at 100% power over the duration of the cooling profile (65-15°C). This 

study is the only detailed investigation on the effects of impurity incorporation found in 

the sonocrystallisation literature. The purity enhancement was principally attributed to 

cavitation phenomena generated during growth.234 However, this account seems to 

contradict the aforementioned reports of high-power ultrasound enhancing crystal growth 

rates.225, 233 Supersaturation levels were not presented with the results, although it was also 

suggested that the purity enhancement with ultrasound could be a result of induction at 

lower supersaturation values.234 The purity results (determined by High Performance 

Liquid Chromatography) have been reproduced in Table 2-1, with the addition of the 

reported nucleation induction temperatures. 
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Table 2-1 Reproduced results from Nguyen et al.234 on the purity of paracetamol in the 
presence of acetanilide and metacetamol, with/without ultrasound (US).  

Experimental 
conditions 

Compounds 
Percentage of compounds 

in product (%) 
Recorded induction 

temperature (°C) 
With US No US With US No US 

PCM with no 
added impurities 

PCM 
 

100 
 

100 
 

41.3 36.0 

PCM with 2% 
ACE 

PCM 
ACE 

99.62 
0.35 

99.15 
0.85 

43.0 15.5 

PCM with 2% 
MCM 

PCM 
MCM 

98.47 
1.52 

98.12 
1.88 

36.4 15.0 

PCM with 2% 
MCM and 2% 

ACE 

PCM 
MCM 
ACE 

98.1 
1.19 
0.55 

97.98 
1.44 
0.58 

34.4 15.0 

 

Under silent conditions, the presence of impurities dramatically inhibited nucleation, 

leading to induction at high supersaturation ratios (S =2.4 at 15°C, from solubility data of 

pure PCM in IAA in this report). It is clear that the generation of acoustic cavitation leads 

to nucleation induction at significantly lower supersaturation ratios (S =1.7 at 34.4°C from 

solubility data of pure PCM in IAA in this report). The impurity removal trend is 

inconsistent in the case of ACE and overall, it is difficult to draw comparisons between 

experiments under silent conditions and with ultrasound applied at one power setting. No 

significant effects of impurity incorporation on the crystal morphology were reported 

(with or without ultrasound). This observation contrasts with previous reports of PCM 

crystallisation (without ultrasound) in the presence of MCM, in which crystals with higher 

aspect ratios due to MCM incorporation (in water and isopropyl alcohol) were obtained.68, 

72, 74 The proposal of cavitation phenomena enhancing impurity rejection for this system 

requires further investigation. 
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2.2. Laser-induced Nucleation 

On interaction with matter, light that is neither scattered nor transmitted is absorbed.  So 

far, Laser-induced Nucleation (LIN) has been classified as either photochemical or non-

photochemical.235 In photochemical LIN, the system absorbs light irradiation and 

subsequently generates reactive intermediate species that act as nucleation centres.236, 237 

Whereas LIN in the absence of photochemical effects defines Non-Photochemical Laser-

induced Nucleation (NPLIN). Typical NPLIN studies use ns-pulsed neodymium-doped 

yttrium aluminium garnet (Nd-YAG) lasers to produce 532 or 1064 nm beams, which are 

far from any significant absorption bands for the solute-solvent systems employed.238-240 

Furthermore, the laser beam is not focussed tightly in order to avoid optical breakdown of 

the liquid and therefore the generation of optical cavitation (see section 2.2.2). 

It has previously been suggested that the NPLIN effect does not compromise the integrity 

of the material, which is a key advantage in the context of drug substance 

manufacturing.241 The NPLIN effect has also been demonstrated to provide 

spatiotemporal control over crystal nucleation.174 Previously reported images of 

ammonium chloride (NH4Cl) NPLIN from a single laser pulse suggest that nucleation 

occurs within the irradiated volume (see Fig. 2-5). 

 

Figure 2-5 Single-pulse NPLIN of ammonium chloride (reproduced from Alexander 
and Camp.)235 Images were obtained at times (a) 0 s, (b) 1 s and (c) 2 s following a 

single 5 ns, 532 nm laser pulse. The scale bar in (a) represents 0.5 cm. 
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In 2019, Alexander and Camp published a comprehensive review of NPLIN, which 

included a discussion of the mechanisms that have been proposed so far for this 

remarkable effect.235 This section firstly outlines these proposals, followed by an 

imperative distinction from LIN by optical cavitation. 

 

2.2.1. Laser-induced Nucleation in the Absence of 

Photochemical Effects 
 

In 1996, Garetz et al. reported LIN of supersaturated aqueous urea solutions with 1064 

nm, unfocused laser pulses of 20 ns duration (up to peak power densities of 250 MW cm-

2).242 A minimum supersaturation and laser power were established in order for the laser-

induced nucleation to occur and curiously, the needle-shaped crystals obtained were 

reported to be approximately aligned with the angle of light polarisation.242 Importantly, 

Garetz et al. ruled out a photochemical effect, due to both the insignificant absorption of 

water and the transparency of urea at the incident wavelength.242 In 2005, the same group 

established a wavelength independence in the NPLIN of aqueous urea solutions and the 

authors reported that linearly polarised light was more effective than circularly polarised 

light to induce nucleation in the aqueous urea system.238 This observation played a key 

role in the mechanism proposed by Garetz et al. to account for this effect.  It was proposed 

that the laser light acts to orient solute molecules within pre-nucleated clusters along the 

direction of the electric field of the laser light, similar to the optical Kerr effect (OKE). 

Optical Kerr Effect: 

The OKE occurs when an applied electric field induces a dipole moment in the liquid.243 

The applied electric field interacts with the induced dipole moment, causing the molecule 

(or clusters of molecules) to align its most polarisable axis parallel to the electric field, 

under the action of a weak torque. However, it should be noted that a recent NPLIN report 

from Liu et al. revealed a polarisation independence in the case of urea and no statistically 

significant correlation between crystal angle and direction of linear polarisation was 

reported.244 This report casts serious doubt on the reports by Garetz and co-workers.238, 242 
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NPLIN studies by Garetz and co-workers were extended to supersaturated aqueous 

solutions of glycine, where different polymorphs of glycine were reportedly obtained by 

switching between linear and circular polarisation.245-247 However, several following 

NPLIN studies by various researchers have reported no significant effect of changing the 

polarisation state of the laser light on the resulting glycine polymorph obtained.217, 248, 249 

Liu et al. recently discussed potential reasons why the polarisation switching of glycine 

polymorphs has not been observed in later reports.217 The authors noted that the 

assignment of polymorphic form was made using second-harmonic generation analysis, 

of which the α-form of glycine is inactive and this would have led to inaccurate 

polymorphic assignents.217 Moreover, in the polarisation switching of glycine polymorphs 

report, the authors estimated that the OKE would have provided a dipole alignment energy 

of 10−4 kBT.245 This has since been deemed insufficient to account for the observed 

reduction of induction time for crystal nucleation to take place.250  

In 2009, Alexander and Camp reported that a single, 7 ns pulse of 1064 nm laser light (6.4 

mJ pulse-1) can be used to produce a single crystal of KCl.251 As the solute is symmetrical, 

it is not possible to induce dipole moment in and there is no preferrable axis for alignment 

therefore, the OKE mechanism cannot be applied. This led to the proposal of an alternative 

mechanism of the optical electric field acting on solute clusters, involving the dielectric 

response of the solution. 

Dielectric Polarisation:  

The report by Alexander and Camp detailed a quantitative analysis using a theoretical 

model based on CNT.251 In short, the dielectric polarisation model postulates that the free 

energy of a dielectric particle is lowered in the applied electric field, the result of which 

in the context of nucleation is that the free energy barrier to nucleation is reduced.  The 

consequence of this is that there will exist a fraction of pre-nucleated clusters that are 

subcritical in size that go on to become supercritical when the electric field is active.251  

Subsequent work by Ward et al. investigated the effect of pulse duration on the NPLIN of 

supersaturated KCl solutions.252 At equivalent peak power densities, it was reported that 
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the same fractions of samples were nucleated as a result of 6 ns and 200 ns 1064 nm laser 

pulses.252 From this, the authors concluded that the underlying mechanism of NPLIN is 

unlikely to be based solely on the diffusion of solute to a sub-critical cluster.252 In the 

same year, Knott et al. theoretically calculated that ns laser pulses are too short for clusters 

to assemble purely from monomers.253 Moreover, theoretical calculations by Agarwal and 

Peters suggested that thermal fluctuations should overwhelm molecular alignment by the 

optical electric field.254 Although, in the 2009 report from Alexander and Camp, the 

authors had also considered the role of impurity particles behind the NPLIN effect, since 

the suppression of NPLIN was reported for samples that had been filtered prior to laser 

irradiation.251 From the observation of one KCl crystal per laser shot, they suggested that 

the observed laser-induced nucleation could be caused via the interaction of pre-nucleated 

solute clusters with a rare, intermediate species.251  

Impurity Particle-Heating Mechanism: 

In 2011, Knott et al. published work on the use of laser pulses (of wavelengths and 

intensities typically used in NPLIN studies) to nucleate bubbles in carbonated water 

samples.255 The authors defined the threshold pulse energy to generate bubble nucleation 

at a given supersaturation as the minimum pulse energy that produces at least one bubble 

from the ten pulses.255 The authors reported that laser-induced bubble nucleation events 

become more numerous with increasing laser intensity.255 Furthermore, the results showed 

no significant difference in the threshold pulses energy required for samples prepared 

using ultrapure or municipal tap water.  

In 2015, Ward et al. provided a study on the LIN of carbon dioxide bubbles in carbonated 

sugar solutions, reporting that the number of bubbles nucleated was linearly proportional 

to sucrose concentration.256 It was also shown that increasing degrees of cleaning and 

filtering during sample preparation substantially reduced the number of bubbles 

observed.256 Additional thermodynamic (Mie scattering) calculations presented with this 

work determined that the energy absorbed by an irradiated Fe2O3 nanoparticle of diameter 

200 nm is sufficient to generate a vapour bubble of diameter ∼1 μm.256 On this basis, the 

authors concluded that the threshold power for NPLIN to be observed could be explained 
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by a critical threshold temperature, below which vaporisation of solvent around impurities 

does not occur.256 Later work on glycine NPLIN by Javid et al. corroborated that filtering 

solutions prior to irradiation suppresses NPLIN.249 

In 2016, Ward et al. explored the role of impurity particles in the NPLIN of supersaturated 

solutions of aqueous NH4Cl.257 Samples were treated by filtration or long-term laser 

exposure, prior to irradiation (1064 nm, single 5.5 ns pulse). The number of crystals 

produced by NPLIN was recorded for samples that were untreated (control) and pre-

treated, which showed a substantial reduction compared to untreated samples. This 

reduction was reversed by subsequently doping filtered solutions with iron oxide 

nanoparticles (Fe3O4 NP) in either aqueous or poly(ethylene) glycol (PEG)-stabilised 

dispersion. Some results from this report have been reproduced in Fig. 2-6.  

 

Figure 2-6 The effects of sample pre-treatments on the NPLIN of ammonium chloride 
(reproduced from Ward et al.257). In (a) filtration decreases the number of crystals 

nucleated and subsequent nanoparticle doping reverses this; (b) filtration and long-term 
laser exposure (for 30 and 120 minutes) of unfiltered samples all result in suppression of 

NPLIN. 

 

Comparisons made across these results reveal that the average number of crystals 

produced are very similar for (a) unfiltered samples and filtered samples that were doped 

with Fe3O4 NP (aqueous dispersion) and (b) unfiltered samples that were pre-processed by 

the laser at 10 pulse s−1 for 30 min and 120 min and filtered samples. The surfactant was 
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thought to have stabilised the dispersion of particles, hindering aggregation and resulting 

in more nucleation sites.257 A fascinating aspect of this work was that laser processing was 

found to reduce the size of trace impurity particles present in NH4Cl.257 Inductively 

Coupled Plasma Mass Spectrometry analysis of filter residues was carried out and from 

the results, it was inferred that the impurities were iron and phosphate NPs.257  

Combining these observations with the previous work on carbon dioxide bubble NPLIN, 

Ward et al. proposed a revised mechanism for NPLIN, based on laser heating of impurity 

particles resulting in the generation of transient vapour cavities, leading to nucleation 

induction at the new interface, or in a region of increased concentration beyond the new 

interface.257 Alexander and Camp further explained that the source of impurity particles 

may be from the solvent or the reactant (during manufacture e.g. iron oxide particles from 

mechanical processing with steel components).235 The proposed mechanism is 

schematically represented in Fig. 2-7. The events from (b) to (d) are thought to provide 

opportune conditions for the induction of crystal nuclei (as indicated by question marks).  

 

Figure 2-7 Schematic diagram illustrating the proposed role of impurity particle 
heating in NPLIN (reproduced from Alexander and Camp235). In (a) a nanoparticle 

absorbs energy from the laser pulse; (b) rapid heating of the particle causes formation 
of an expanding vapour cavity; (c) collapse of the vapour cavity generates shockwaves 

and (d) violent collapse of the vapour cavity results in fragmentation of the 
nanoparticle.  

Numerous authors have established that the pulsed laser irradiation of plasmonic gold NPs 

can generate superheating and nanobubble formation in water.258-261 Plasmonic NPs 

exhibit the unique property of surface plasmon resonance, hence laser excitation (in the 
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visible to near-infrared spectrum) causes the conduction-band electrons around the surface 

of the particles to produce collective oscillations (implying heat generation). As a result, 

plasmonic NPs serve as highly efficient localised heat sources (photothermal agents). 

According to Lapatko et al. generated nanobubbles persist in the liquid and act as thermal 

isolators that decrease heat dissipation to the bulk liquid and hence increase the 

temperature of the NP.262 Furthermore, Plech et al. reported that larger particles are heated 

more effectively, due to lower heat dissipation than in the case of smaller particles.263 Of 

relevance to the proposed NPLIN impurity particle heating mechanism, Sindt et al. carried 

out molecular dynamics simulations in a theoretical study of the effects of a rapidly heated 

NP (of 2 nm diameter) on the structure of a concentrated aqueous salt solution.264 The 

simulation revealed the formation of an expanding vapour cavity at the surface of the 

rapidly heated NP, alongside evidence for solute clustering in the proximal region of 

solution just outside a collapsed cavity.264 

A recent KCl NPLIN study by Kacker et al. reported PVDF transducer measurements of 

irradiated samples at laser powers and conditions similar to those in a previous study by 

Ward et al.239, 240 Firstly, pressure measurements were carried out with the laser passing 

through the solution and a clear trend showing the increase in amplitude of the waveform 

was reported with increasing laser intensity.240 Additional measurements were carried out 

with a black mask placed on the outside of the glass vial, which blocked the laser light 

from passing through the solution. Since the recorded pressure signal was higher with the 

mask and no samples nucleated without laser irradiation, the authors concluded that laser-

induced shockwaves can be ruled out for the mechanism behind NPLIN.240 An example 

waveform recorded in a KCl aqueous solution has been reproduced in Fig. 2-8.  
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Figure 2-8 An example waveform measured with an acoustic pressure sensor from the 
single pulse (80 MW cm-2) irradiation of a KCl aqueous solution (reproduced from 

Kacker et al.240) 

 

Other than the peak pressure values, no comparison between the waveform recorded with 

and without the mask was provided. Also, no further signal processing was presented, 

which could have provided more information on how the energy of the signals (with and 

without the mask) were distributed over the frequency domain. The authors also noted 

that filtering samples suppressed nucleation and therefore impurity effects were not ruled 

out.240 This is the only available study where acoustic pressure measurements were 

performed used laser parameters typical of NPLIN studies. Further investigation is 

required in order to verify if cavitation phenomena can be ruled out as the mechanism 

behind LIN, at intensities below optical breakdown of the liquid.   

Ward et al. noted that if the underlying mechanism of NPLIN relies on the presence of 

impurity particles, then it simply will not work for every system.257 Mackenzie carried out 

NPLIN screening experiments (at 44 MW cm-2 peak power density) of PCM.265 

Supersaturated solutions of PCM were prepared in various organic solvents and water, up 

to S = 2.0 (S = 2.7 for 2-propanol and S = 4.4 for acetonitrile) and no LIN was reported 

since observed crystallising experiments were determined to be spontaneous only.265 
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Moreover, an earlier NPLIN study by Ward et al. reported that nucleation of aqueous 

supersaturated sodium chlorate (NaClO₃) solutions, could not be induced with single 7 ns 

1064 nm laser pulses (at 140 MW cm-2 peak power density).241 However, in a later NPLIN 

study it was reported that doping NaClO₃ solutions with Fe3O4 NP prior to irradiation 

resulted in nucleation induction.257 In 2019, Barber et al. extended this work, reporting 

LIN of NaClO₃ via optical cavitation generation by single, focussed ns pulses (at 87 TW 

cm-2 for 532nm and 68 TW cm-2 for 1064 nm).266 The optical cavitation process requires 

further discussion. 

 

2.2.2. Distinction from Laser-induced Nucleation by Optical 

Cavitation 
 

Numerous LIN studies using tightly focussed lasers have been reported in the literature.266-

272 In such cases, bubble nucleation is preceded by plasma formation from optical 

breakdown, which is considered to be a photochemical process.235 Optical breakdown can 

be achieved by focusing a pulsed laser, typically through a microscope objective lens. 

Plasma is formed by direct ionisation (via multiphoton absorption) and avalanche 

ionisation (via inverse bremsstrahlung absorption).273 Direct ionisation produces seed 

electrons that accelerate in the laser electric field and transfer their energy to bound 

electrons in other atoms and molecules via collisions (avalanche ionisation).274 Significant 

heating of the focal volume takes place during the laser pulse and if impurity particles are 

present in the liquid, then thermal emission of free electrons can support the avalanche 

ionisation by generating the required seed electrons. The plasma heats up by several 

thousand Kelvin and volume expansion leads to the release of a first shockwave. 

Following the laser pulse, interaction of the hot plasma with the surrounding liquid 

generates a cavitation bubble.275, 276 The plasma is cooled down by electron capture and 

emission of light. The bubble expands and reaches a maximum radius before collapsing 

and releasing a second shockwave into the liquid. The laser-induced cavitation process is 

described schematically in Fig. 2-9. 



 

59 
 

 

Figure 2-9 Schematic diagram of optical cavitation in water (reproduced from Chiou 
et al.277). In (a) once the breakdown threshold is reached, enough energy is absorbed in 
the focal volume and a plasma is generated; (b) subsequently, a shockwave is released, 
which propagates in the liquid, leaving a vapour bubble and (c) the bubble expands and 

reaches a maximum radius before collapsing and the launch of a second shockwave. 
 

The time interval between the bubble maximum expansion and the end of the collapse 

phase is the Rayleigh collapse time (which is of the order 10-100 μs, as shown in Fig. 2-

9). After which, a second bubble forms out of a rebound process and process (c) is repeated 

until the energy is dissipated by viscosity, dispersed by thermal conduction or radiated by 

shockwaves.278, 279 Vogel et al. reported an average irradiance threshold for breakdown in 

distilled water of 76 GW cm-2 (1064 nm, 6 ns pulse duration).273 The authors also 

importantly noted that the likelihood of impurities present within the focal volume 

decreases with decreasing spot size.273 Therefore, increasing the focal volume increases 

the likelihood of irradiating impurity particles in the liquid that can produce seed electrons 

for avalanche ionisation. In addition, shockwave pressures are reportedly higher for ns 

laser pulses than ps laser pulses (same energy per pulse) and Lauterborn has attributed this 

to the lower breakdown threshold for ps pulses and thus the energy is deposited in a larger 

volume than for ns laser pulses.280 This leads to a higher energy density, temperature 

increase and thus shockwave pressure for ns laser pulses. In 2019, Sinibaldi et al. 
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demonstrated that the bubble dynamics following breakdown correlates with the plasma 

shape, which is dictated by the optical electric field.281  

At present, the underlying mechanisms for nucleation induction from optical cavitation 

have not been widely discussed and there are no known reports of LIN via optical 

cavitation generation involving acoustic detection.  In 2019, computational fluid-flow 

simulations by Hidman et al. provided evidence for the formation of a concentrated fluid 

region at the periphery of a laser-induced vapour cavity.282 The aforementioned report 

from Barber et al. provided an estimation for the energy threshold for optical breakdown 

in the NaClO₃ solutions as 70 J cm-2.266 Despite the large amount of energy dispersed into 

the solutions from a single laser pulse (460 kJ cm−2), on average only one or two crystals 

were formed per vial.266 The authors attributed this observation to very selective and 

localised primary nucleation events and  a low rate of mixing (together with no significant 

secondary nucleation).266 It was concluded that the nucleation event was a result of highly 

localised supersaturation from solute clustering in the proximal region of solution, just 

outside a collapsed cavity.266  

This mechanistic proposal aligns with nucleation induction by the impurity particle-

heating mechanism from Ward et al., with the key difference being the mode of cavitation 

generation.257 NPLIN studies are carried out at intensities below the threshold for optical 

breakdown of the solution, which rules out optical cavitation generation, but particle 

heating via energy deposition has also been defined as a method of cavitation generation 

by Lauterborn.283 Since the threshold pulse energy of laser-induced breakdown for solids 

is lower than that for liquids or gases, it is possible to induce breakdown of particles 

suspended in a liquid at pulse energies below the threshold for breakdown of the 

liquid.284,285 In this case, the particle absorbs radiation and plasma (of the particle) is 

formed, which can result in vaporisation of the surrounding liquid and the generation of a 

cavity.  Further investigation is required in order to provide evidence for cavitation 

generation by impurity particle heating as the mechanism behind the NPLIN effect.  
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Thesis Overview  
 

Chapter 1 introduced the fundamentals of crystallisation and acoustic cavitation and 

Chapter 2 provided a literature review of sonocrystallisation and LIN, with a focus on 

mechanistic proposals from the recent literature. So far, a complex picture of bubbles and 

localised pressure fluctuations at the interplay of pre-nucleated solute clusters and crystal 

nuclei has been presented. Given this, it is clear that detection of bubble fields, generated 

by application of the external fields is required in order to gain further mechanistic insight 

into NPLIN and sonocrystallisation, experimentally. This chapter provides an outline of 

the subsequent chapters in this thesis.  

Proposals for the underlying mechanism behind NPLIN have stirred active debate since 

the initial discovery of this effect by Garetz et al. in 1996.242 More recently, doubts have 

been cast on the initially proposed effects of the optical electric field acting directly upon 

solute clusters and critically, these proposals do not explain why there is a laser power 

threshold below which NPLIN does not occur.256 According to Alexander and Camp, the 

evidence so far points to the impurity particle-heating mechanism.235 Nucleation induction 

from a collapsed cavity generating a localised region of high pressure and elevated 

supersaturation has been proposed for both LIN by impurity particle-heating and LIN by 

optical cavitation.235, 266  Despite a recent report corroborating that filtration prior to laser 

irradiation suppresses NPLIN, Kacker et al. concluded that laser-induced shockwaves 

were not behind this effect.240 This conclusion was on the basis of apparent higher peak 

pressure values recorded with a mask placed outside the vial (blocking the beam), than 

with the laser passing through the solution.240  

 “Know thy dirt” 

Chapter 4 presents an investigation of the NPLIN impurity particle-heating mechanism 

with needle hydrophone measurements and high-speed imaging performed in single 

pulse-irradiated aqueous ammonium chloride solutions.  
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From a review of the sonocystallisation literature, it is clear that the majority of previous 

studies investigated the use of high-power ultrasound for inducing crystal nucleation and 

fragmentation. Overall, there have been a limited number of studies investigating the 

effects of acoustic cavitation on crystal polymorphism and purity, thus these applications 

are not well understood. Furthermore, few reports involved measurement of cavitation 

activity in the generated sound field and no studies were found using acoustic detection. 

The physical properties of a liquid have been reported to significantly affect the cavitation 

activity, under the same applied ultrasound parameters.150, 195, 196 More specifically, 

Tzanakis et al. reported significantly higher cavitation intensities measured in water and 

glycerine, on comparison with ethanol under a 20 kHz ultrasound field (comprising a horn 

immersed into a rectangular glass tank). There are no known studies on the effect of 

solvent properties on the sonocrystallisation outcomes under an applied high-power 

ultrasound field. 

 “Know thy liquid” 

In order to guide further investigation, Chapter 5 presents a comparison of cavitation 

activity in acetonitrile, butanol, ethanol, isoamyl alcohol, methyl ethyl ketone and water, 

under a high-power ultrasound field.    

Whilst the generation of cavitation bubbles may induce nucleation heterogeneously by 

providing a lower surface free energy provided at the bubble surface, this does not explain 

the generation of a metastable form of a solid which is not obtained at the same 

supersaturation level, without the application of ultrasound. The selective crystallisation 

of the metastable form of paracetamol is notoriously difficult to obtain in solution.47 Mori 

et al. reported the selective generation of form II at 28 and 45 kHz and the mechanism 

behind this remains unclear.223 Though, the effects of ultrasound on polymorphism do 

appear to be supersaturation dependent.193 Furthermore,  previously reported greater 

impurity rejection of paracetamol in the presence of structurally related impurities seems 

counterintuitive to other accounts of increased crystal growth rates, under a high-power 

ultrasound field.225, 234 Nguyen et al. compared purity data at one ultrasound setting and  

silent experiments, in which nucleation induction occurred at significantly higher 
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supersaturation levels, which made comparison difficult.234 This report is the only known 

study on the effect of high-power ultrasound on purity and the mechanistic proposal of 

cavitation phenomena enhancing impurity rejection requires further investigation.  

 “Know thy sound field” 

Chapter 6 presents an investigation into the effects of cavitation on polymorphism and 

product purity in the cooling sonocrystallisation of paracetamol with added structurally 

similar impurities.  

An overview of the scope of this research is provided in Fig. 3-1 

 

Figure 3-1 Research scope 
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An Investigation of the Non-Photochemical 

Laser-induced Nucleation Impurity Particle-

Heating Mechanism 
 

“Know thy dirt” 
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Symbols 
Energy density (u) 
Peak pulse power (jpeak) 
Rayleigh collapse time (Τc) 
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Abbreviations 
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Deionised (DI) 
Fast Fourier Transform (FFT) 
Iron Oxide Nanoparticle (Fe3O4 NP) 
Laser-induced Nucleation (LIN) 
Root Mean Square (RMS) 
Ultrapure (UP) 
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4.1. Introduction 
 

At laser pulse energies far below the threshold for optical cavitation generation, the 

impurity-particle heating mechanism may explain the induction of multiple nuclei within 

the path of an unfocussed beamline. It has already been established that the pulsed laser 

irradiation of plasmonic metal nanoparticles in an aqueous dispersion can photothermally 

generate nanobubbles that persist in the liquid.262 Of relevance to the impurity particle-

heating mechanism, it is not yet clear how the irradiation of nano-sized particles dispersed 

in a supersaturated solution can lead to crystal nucleation.  

A study of cavitation bubble dynamics from laser ablation on a 1 mm thick copper plate 

in water by Tanabe et al. provided relevant prior knowledge.286 With high-speed imaging 

(1 000 000 fps), the authors measured the generation of a single bubble from a single laser 

shot (1064nm, 13ns), both at pulse energies of 50 mJ and 100 mJ. Following formation, 

each bubble was observed to undergo several repeated expansions and shrinkage with 

reductions in size exhibited by later bubbles.286 The bubble lifetime and maximum radius 

was longer and larger at 100 mJ than for 50 mJ, with the maximum radii at ca. 2.2 mm 

and 1.4 mm, respectively. From equation 1-7, the Rayleigh collapse time of each bubble 

is approximated ≈ 200 μs and 127 μs at 100 mJ and 50 mJ, respectively. Importantly, the 

authors noted that when the first bubble collapses, mixing of the gas phase within the 

bubble and the liquid phase outside the bubble occurs. Following subsequent expansion 

and shrinkage cycles, small particle-like shadows were observed to form and since some 

of these objects appeared to merge with each other to form larger bubbles before gradually 

disappearing, the authors concluded that these particles were likely to be smaller bubbles 

rather than small copper particles dispersed into the liquid.286 Reuter et al. have described 

these gas phase entities following bubble collapse as remnant bubbles.287 

On the mechanism behind LIN, previous computational fluid-flow simulations by Hidman 

et al. provided evidence for the formation of a concentrated fluid region at the periphery 

of a laser-induced vapour cavity.282 More recently, the same group theoretically tested and 

confirmed the plausibility of a high solution supersaturation generated due to solvent 
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evaporation during the bubble growth period, which  triggers the nucleation event.288 

Accordingly, it may be speculated that LIN of multiple primary crystal nuclei within an 

unfocussed beampath would require the generation of a multi-bubble field.   

The laser irradiation setup developed for the work in this Thesis was adapted from a 

previous study by Javid et al.249 The aqueous ammonium chloride (NH4Cl) system 

selected was based upon the aforementioned work by Ward et al.257 Therein, the authors 

reported an average of 6-10 crystals from the irradiation (1064 nm, 5.5ns, 12 MW cm−2) 

of unfiltered and undoped samples.257 The main objective of this work was to investigate 

the impurity particle-heating mechanism with high-speed imaging and needle hydrophone 

measurements, in order to gain experimental evidence for LIN via laser-induced bubble 

nucleation.  

 

4.2. Materials and Methods 
 

4.2.1. Solution Preparation and Laser Irradiation 
 

 

NH4Cl (ACS reagent, Ph. Eur., ≥99.5%, Lot: STBH2159) and iron (II, III) oxide 

nanopowder 50-100 nm, 97% trace metals, Lot: MKBT3736V) were obtained from Sigma 

Aldrich. Aqueous solubility data for NH4Cl was taken from from Lide.289 Deionised (DI) 

water was dispensed via an in-house water purification system (Millipore Milli-Q, 1.1 

MΩ∙cm-1). Aqueous stock solutions of iron oxide nanoparticles (Fe3O4 NP) and NH4Cl 

were prepared in DI water and particle concentration measurements were performed with 

the NanoSight LM10 NTA (NanoSight, Amesbury, UK). Ultrapure water (UP, HPLC 

Grade) was purchased from Alfa Aesar and a further water sample was taken directly from 

the laboratory tap. The sterile polyethersulfone (PES) syringe filters used were 0.45 μm 

and 0.8 μm (Millex®, Millipore Express), 0.1 μm, 0.45 μm and 1.2 μm (Acrodisc®, Pall 

Corporation). Samples were exposed to irradiation by a single-pulse from a Nd:YAG laser 

(Continuum Surelite II-10) with a wavelength of 1064 nm and a pulse duration of 6 ns. 

The laser beam was passed through a telescope (constructed in-house with a +300 mm 
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plano-convex lens and a -150 mm plano-concave lens) before it reached a 1.5 mm circular 

pinhole (resulting in a spatial profile that was near top-hat). The standard irradiation mode 

was linear polarized and an incident mean laser power of 310 mW (measured at 10 pulses 

s−1) was used for all experiments. An average peak pulse power (jpeak) of 292 MW cm-2 

(based on a circular beam, top hat profile) and an energy density (u) of 0.14 J cm-2 was 

calculated (based upon a pulse energy of 3.1 mJ and a spot size of 1.5 mm).  

 

4.2.2. Needle Hydrophone Measurements  
 

 

A schematic of the needle hydrophone measurement setup is provided in Fig. 4-1. 

 

 

Figure 4-1 Schematic representation of needle hydrophone measurements of single-
pulse irradiated samples 

 

Acoustic detection was performed with a NH100 1.00mm PVDF needle hydrophone 

(Precision Acoustics Ltd., Dorset, UK) which was calibrated by the National Physical 

Laboratory (Teddington, UK) in 2019 (certificate reference: 2018100442-3). The tip was 

located using a positioning stage with 0.01mm precision (model: TVP-L, Sauter GmbH, 
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Wutöschingen, Germany). Signals were collected using an Infiniium Mixed Signal 1 GHz 

Oscilloscope (model: MSO8104A, Agilent Technologies, Cheadle, UK), which was 

triggered with each laser pulse. The needle hydrophone measurements were carried out 

under ambient conditions (room temperature in the range 21.0—21.8 °C). A consistent 

sample volume of 3000μL was prepared in a macro fluorescence cuvette (model: 

CV10Q3500F, Thorlabs, Ely, UK) prior to irradiation. The hydrophone tip distance from 

the laser beam was 10 mm and the time between measurements in the same sample were 

taken approximately 1 minute apart, allowing for the sample to refresh following a single 

pulse. Signal processing was performed using MATLAB (Mathworks, Massachusetts, 

USA). Firstly, the data was treated with a low-pass Kaiser Window filter to remove noise 

from the time domain data. The Root Mean Square (RMS) of the filtered data was 

calculated in order to compare the magnitude of each signal. A Fast Fourier Transform 

(FFT) was also performed, and the output data was integrated to give the Broadband 

Integrated Voltage (BIV), which is used to quantify the cavitation energy (see section 

1.2.3.)  

 

4.2.3. High-Speed Imaging 
 

 

High-speed imaging was carried out using the Fastcam SA1.1 (model: 675K-M1, Photron, 

Tokyo, Japan), together with a 5x objective lens (model:8-20-44, OPTEM HR) fixed to a 

12x zoom lens (model: 1-50486D, NAVITAR). A 9.87μm depth of field was provided 

and the frame rate was 100 000 fps, allowing for 10μs observation intervals. Samples were 

backlit by a LED 24x array arrangement (model:LT-V8-15-24, GSVitec GmbH, Bad 

Soden-Salmünster, Germany). In order to scale all images, a 1 mm graticule (model: 

RIL352P Thorlabs, Ely, UK) was imaged and select frames from image sequences were 

binarised using the default settings in ImageJ (NIH, New York, USA).290 The field of view 

was 1120μm by 445μm and the length of one pixel was determined to be 3.6μm, which 

can be considered as the object size detection limit. In order to count the number of 

bubbles within a frame of interest, image processing was performed using MATLAB 

(more specific details together with an example are provided in Appendix A-1). 
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Experiments were carried out in 10ml screw top clear glass vials (Fischer Sci), placed 

inside an optical glass cell (model:G-752, Kromatek) that was filled with baby oil 

(Johnson and Johnson GmbH), which matched the refractive index of the glass. For 

supersaturated samples, vials containing 6mL (0.441 g/g) NH4Cl aqueous solution (S=1.2 

at 21.1 °C) were initially held at 50°C, to ensure that all solute had dissolved, before being 

removed to cool slowly to ambient conditions (room temperature from 20.7–21.5 °C). A 

0.328 g/g NH4Cl aqueous solution was used for undersaturated samples (S=0.9 at 21.1 °C) 

that were irradiated under ambient conditions. Each vial was placed inside the glass cell 

prior to irradiation with a single pulse. As with the needle hydrophone measurements, the 

camera recordings were triggered synchronously with a single-pulse.   

 

4.3. Results and Discussion 
 

 

Initial attempts to record acoustic signals in single-pulse irradiated supersaturated 

solutions (S= 1.1, 1.2 and 1.3) were unreliable due to the occurrence of spontaneous 

nucleation. Each solution was dissolved at 50°C in a water bath before removal and the 

positioning of the hydrophone tip in the centre of the vial. During cooling to room 

temperature, it was found that heterogeneous nucleation of the NH4Cl would occur at the 

hydrophone tip (as shown in Fig. 4-2). Due to the construction and the function of the 

hydrophone tip, it was not possible to coat or polish the tip in attempt to reduce the 

propensity for heterogeneous nucleation. 
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Figure 4-2 Image of the needle hydrophone tip (d=1.5 mm) triggering nucleation in a 
supersaturated (S=1.2) NH4Cl solution  

 

From this, it was concluded that simultaneous high-speed imaging and hydrophone 

measurements of supersaturated samples was not possible. Therefore, the following 

strategy was conceived: 

 Capture single-pulse irradiated undersaturated (S=0.9) and supersaturated (S=1.2) 

NH4Cl solutions with high-speed imaging, investigating the effects of Fe3O4 NP -

doping 

 Perform needle hydrophone measurements in single-pulse irradiated 

undersaturated (S=0.9) NH4Cl solutions, investigating the effects of Fe3O4 NP-

doping and solution filtration 

A fixed jpeak of 292 MW cm-2  was used throughout this study, which is significantly higher 

than the peak power reported in the previous NH4Cl study by Ward et al. (12 MW cm-2). 

257  This was selected in order to maximise the likelihood of capturing bubbles and crystals 

along the beampath with imaging. Yet, this power is still far below the average power 

threshold for the breakdown of DI water, which was previously reported as 76 GW cm-2 

(1064 nm, 6 ns pulse duration).273  
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4.3.1. High-Speed Imaging  
 

This section provides a summary of the high-speed imaging observations and reports key 

frames from the image sequences recorded in (i) an undoped, undersaturated NH4Cl 

solution, alongside samples that were doped with Fe3O4 NP prior to irradiation, (ii) an 

undoped, supersaturated NH4Cl solution (iii) an Fe3O4 NP-doped, supersaturated NH4Cl 

solution. For all image sequences reported, the laser (single 6 ns pulse) was triggered 

between the 1395th and 1396th frames. The former was therefore reassigned as frame 0 

and taken as the background, with the latter (frame 1) being the first frame in which objects 

could be detected. The scale bar in all images represents 100 µm.  

 

4.3.1.1. Captures of Laser-induced Bubble Nucleation in Undersaturated 

NH4Cl Solutions  
 

The number and size range of bubbles captured following the single pulse irradiation of 

NH4Cl solutions (S=0.9) that were doped with increasing volumes of Fe3O4 NP solution 

prior to irradiation, are reported in Table 4-1.  

 

Table 4-1  Bubble counting results from images obtained following the single pulse 
irradiation of undersaturated NH4Cl solutions 

Volume Fe3O4 NP 
suspension added (µL) 

Bubble count Bubble diameter  
size range (μm) 

0 1 25 
20 11 3.6-39 
40 16 3.6-45 
60 27 3.6-37 
80 30 3.6-41 
100 51 3.6-52 
200 55 3.6-67 
300 160 3.6-59 

 

It has already been established that Fe3O4 NP are excellent photothermal agents that 

generate heat on absorption of 1064 nm radiation.291 From Table 4-1., it is clear that the 
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number of bubbles generated within the field of view increases with the volume of Fe3O4 

NP suspension added prior to irradiation. From Nanoparticle Tracking Analysis, the 

average equivalent particle concentration of the stock Fe3O4 NP suspension was 

determined to be 5.10 ± 2.12 108/mL and the stock NH4Cl solution was determined to be 

1.38 ± 0.50 108/mL. Measurement of an NH4Cl solution in which 300μL Fe3O4 NP 

suspension had been added provided an average equivalent particle concentration of 1.52 

± 0.33 108/mL. Furthermore, a reduction in the mean particle size was observed for all 

replicate measurements of the stock NH4Cl solution (in the range 266-287 nm) following 

the addition of 300μL Fe3O4 NP suspension (in the range 192-240 nm). All NanoSight 

measurements performed are reported in Appendix A-2.   

A mechanism involving NP and /or NP aggregates absorbing light from the laser pulse 

and rapidly heating up to generate photothermal vaporisation in the surrounding liquid 

seems plausible to explain the imaging observations of bubbles. As the optical breakdown 

power threshold of the Fe3O4 NP in suspension is unknown, ionisation of the NP and/or 

NP aggregates present in the irradiated solution can not entirely be ruled out. Both of these 

mechanisms could potentially explain the generation of multiple cavitation bubbles within 

the laser beampath. Furthermore, due to the object size detection limit of this setup 

(3.6μm), the presence of additional nanobubbles cannot be confirmed or ruled out. 

Following irradiation, bubble nucleation is expected to be initiated at successive time 

points as the laser beam passes through the solution, leading to each individual bubble 

reaching its maximum radius at varying time points. It is also expected that the individual 

bubble size would depend upon the size of the irradiated NP and/or NP aggregate, with 

more energy being absorbed by larger particles and/or particle aggregates, resulting in the 

generation of larger bubbles with longer lifetimes. 

Select images captured up to 70ms following the single-pulse irradiation of the NH4Cl 

solutions (S=0.9) where the solution was (a) undoped, (b) doped with 40µL Fe3O4 NP 

solution and (c) doped with 200µL Fe3O4 NP solution prior to irradiation are presented in 

Fig. 4-3.   
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Figure 4-3 Images captured up to 70ms following the single-pulse irradiation of 
NH4Cl solutions (S=0.9) where the solution was (a) undoped, (b) doped with 40µL 

Fe3O4 NP and (c) doped with 200µL Fe3O4 NP. The red arrow points to a single 25µm 
diameter bubble detected in the undoped solution. The largest bubble diameters of 45 

and 67µm were detected in doped solutions (b) and (c), respectively.  

 

The single bubble generated in the undoped solution is visible in frame 1 and no further 

observations were made in the following frames. Assuming a maximum radius of 12.5μm, 

a Τc of 1.13μs is calculated from equation 1.7. It is unknown at what stage in the lifetime 

of this bubble that this image captures, but this approximation confirms that the 10μs 

observation intervals are insufficient to study the dynamics of this bubble. For doped 

samples, (b) and (c), multiple bubbles were detected within the field of view following a 

single pulse. Furthermore, in frame 1 of (b) and (c) light emission can be observed as a 

(a) undoped (b) + 40 µL NP  (c) + 200 µL NP  
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white flash in the centre of particles captured within the frame; the light is of a wavelength 

< 800nm (below the cut off for the IR optical filter used for stray scatter of 1064 nm laser 

light in the setup). Based on this, the light emission is presumed to be incandescence from 

particle heating following laser irradiation however, further investigation would be 

required to confirm this observation.  

Expected observations of a cavitation bubble following formation is growth to a maximum 

radius, shrinkage to collapse and the bubble expansion and shrinkage repeats until all 

energy is dissipated and a bubble remnant may remain in the liquid.278, 279 No shockwaves 

can clearly be observed following the shrinkage of bubbles in samples (b) and (c), which 

is attributed to both the temporal and spatial resolution of this setup. From sequence (b), 

in the case of the largest bubble detected at 45μm bubble in frame 1, a Τc of 2.0 µs was 

calculated. Whereas, for the largest bubble detected in frame 1 of sequence (c), at 67μm a 

Τc of 3.0 µs was calculated. Whilst it should be noted that the maximum radii of the 

bubbles are assumed in these calculations, it is deduced that the collapse of the initial 

bubbles nucleated would have been outwith the detection limit of this setup and that 

bubbles/objects seen in following frames may have undergone further expansion and 

shrinkage cycles following the collapse of the first bubbles. On consideration of the bubble 

sizes generated under these conditions, it is estimated that imaging shockwave 

propagation following bubble collapse would require observations at significantly < 1μs 

intervals (imaging at > 1, 000, 000 fps) and a higher spatial resolution.  

Dark particle-like objects were observed at the same locations where the largest bubbles 

within the field of view were observed prior, even up to 70ms following irradiation in (b) 

and (c). It is unclear if these objects are (i) bubble remnants (as previously described by 

Tanabe et al.286) (ii) debris from the irradiated particles or even (iii) crystal nuclei that 

eventually re-dissolve.  

 

4.3.1.2. Captures of LIN in Supersaturated NH4Cl Solutions  
 

In total, six high-speed imaging attempts of LIN were performed in supersaturated NH4Cl 

solutions; three were undoped and three were doped with Fe3O4 NP prior to irradiation. 
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The video files of these experiments are attached to this thesis electronically. The undoped 

samples will be discussed first and a summary of the LIN high-speed imaging attempts 

are provided in Table 4-2. 

 

Table 4-2  Summary of high-speed imaging observations in undoped supersaturated 
NH4Cl Solutions 

Experiment 
Bubble observations in 

frame 1 
Crystal observations in frame 90 000 

Undoped A, 
S=1.2 

 

3 bubbles in the range 14-
25μm diameter 

 

10 originated within field of view (+2 
outermost crystal that were observed to 
move into the field of view). The first 
observable crystal appeared in same 

location as the 25μm bubble observed 
prior and further crystal later appeared 
in the location in which a 20μm bubble 

was observed in frame 1 

Undoped B, 
S=1.2 

1 18μm diameter bubble 
detected  

9 originated within field of view. The 
first observable crystal appeared in the 
same location as the bubble observed 

prior 

Undoped C, 
S=1.2 

0 detected 11 originated within field of view 

 

Key frames from the image sequences recorded in undoped samples B and C are provided 

in Appendix A-3. In sample C, no bubbles were detected following irradiation and the 

first observable crystal was detectable from ca. 50ms (frame 5000). Interestingly, in 

samples A and B, the first observable crystal appeared in the same location as the largest 

(or in the case of B, single) bubble detected prior.  The video files of all LIN imaging 

attempts are attached to this thesis electronically. The final frames of each LIN file (# 

138311) are provided in Appendix A-4, in which the growing crystals appear less round 

and more jagged, which is consistent with the dendritic morphology of NH4Cl crystals 

nucleated by laser irradiation.257  in the case of undoped samples A and C, between 0.9s 

and 1.38s following irradiation, a further growing crystal was observed to move into the 
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field of view. Overall, all image sequences clearly showed 9-11 crystals originating and 

growing within the field of view. Key frames from undoped A are shown in Fig. 4-4 and 

4-5. For clarity, binarised images are presented underneath the corresponding frame 

(obtained from the default binary processing settings in ImageJ and in which the 

background image was subtracted prior, for the removal of artefacts). 

 

 

 

 

 

 

 

 

 

 
 

Figure 4-4 Images captured following the single-pulse irradiation of undoped A 
NH4Cl solution (S=1.2) Three bubbles in the range 14-25µm diameter can be observed 
in frame 1. An unknown object in the position of the largest bubble previously detected 

is observed to reduce in size and persist in the solution between frames 2-5. 

 

Following the passage of a single laser pulse through the solution and within the field of 

view, three bubbles of diameters, three bubbles (size ranging from 14–25 µm) were 

observed in frame 1. The Τc of a 25 µm bubble was previously approximated to be 1.1μs. 

Therefore, the object visible in frame 2 may be present from further expansion and 

shrinkage cycles of the bubble following initial collapse. The unknown object was 

observed in the frames following, in which no size change was observed to have occurred. 

Fig. 4-6 shows further images captured in this sequence from 5-900ms. By frame 500 

1 0  2 

4 3 5 
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(5ms), the unknown object was still observable in the same location and no obvious size 

change was observed. It seems likely that this unknown object is a remnant bubble 

persisting in the liquid, as previously described in the literature.286, 287 Growth of this 

object is inferred between frame 500 and 10000 (5-100ms). Due to the imaging resolution, 

it is not possible to determine the exact frame that the crystal was first observed however, 

it is clear that there is a growing object that originated in the location where the 25μm 

bubble in frame 1 was detected prior (circled in red).  

 

Figure 4-5 Images captured between 5-900ms following the single-pulse irradiation of 
undoped A NH4Cl solution (S=1.2). Growth of the first observable crystal is inferred 

between frame 500 and 10 000. In frame 20 000, five crystals are observed, two of which 
(circled in red and yellow) are in the same location as bubbles captured prior. By frame 
90 000, twelve crystals can be observed however, the top-most and lower-most crystals 
(marked by red arrows) did not originate within the frame and were determined to have 

moved into the field of view.  

 

Five crystals are observable by frame 20 000 (20ms) and in this frame a crystal originating 

in the same location as the 20μm bubble detected in frame 1 can be observed (circled in 

yellow). Reuter et al. previously noted that the oscillation and collapse of a single 

10 000 500 20 000 

55 000 40 000 90 000 
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cavitation in the vicinity of a solid boundary (i.e. the walls of a cuvette), induces intense 

microconvection and vortex formation in the surrounding liquid.287 A multi-cavitation 

bubble field within the beampath is expected to be highly turbulent, which may explain 

why additional crystals (marked by red arrows) are observed to move into the field of 

view, from above and below. The 14μm bubble in frame 1 seemingly does not lead to a 

crystal, which either suggests that 100% of cavitation events may not result in nucleation 

or that the crystal generated has moved out of the field of view, consistent with the 

generated turbulence and mixing within the beampath. Overall, eight crystals were 

observed to have originated and grown in locations where bubbles were not detected prior 

in solution A. Whilst these crystals may have originated from bubbles that were of a size 

and lifetime out with the temporal resolution of the imaging setup, it may also be plausible 

that these crystals originated from cavitation events out with the field of view.  

Importantly, in both solutions A&B, the first observable crystals were located at the 

position of the largest bubbles captured in previous frames of the high-speed recording. It 

is unclear what role, if any, the persisting object (an unidentified, long-lived object noted 

immediately after bubble shrinkage/collapse) has in nucleation induction. The object may 

be a persisting bubble remnant that provides a surface for heterogeneous nucleation or it 

may even be the pre-nucleation event in progress (from which, details cannot be resolved 

in the current imaging setup). Hidman et al. theoretically demonstrated nucleation induced 

from high solution supersaturation generated from solvent evaporation during bubble 

growth.288 It follows that the extent of supersaturation increase would increase with the 

size of the bubble generated, as more solvent would be vaporised and this proposal aligns 

with the observation of the first crystal in the position of the largest bubble observed prior.   

From the observations of doping undersaturated solutions with absorbing nanoparticles, it 

is known that cavitation is induced (Section 4.3.1.1.).  For supersaturated solutions, this 

methodology may provide an ideal route to study the relationship between bubble 

cavitation and crystal nucleation. Fe3O4 NP-doped LIN image sequences are summarised 

in Table 4-3.  
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Table 4-3  Summary of high-speed imaging observations in NP-doped supersaturated 
NH4Cl Solutions 

Experiment Bubble observations in frame 1 
Crystal observations in frame 

90 000 

Doped A (+ 
100μL Fe3O4 
NP), S=1.2 

2 bubbles were observed in frame 
1 (1 bubble was 22μm and the 
other bubble was very poorly 
resolved and difficult to size 

accurately (ca. 20μm) 

8 originated within field of 
view. The first crystal 

appeared and grew in the 
location of the 22μm bubble 

observed prior 

Doped B (+ 
600μL Fe3O4 
NP), S=1.1 

50 bubbles in the range 3.6-42μm 
were observed in frame 1 

Nucleation was not observed 

Doped C (+ 
600μL Fe3O4 
NP), S=1.1 

9 bubbles in the range 11-25μm 
were observed in frame 1 

5 originated within field of 
view. The first observable 
crystal appeared in same 

location as the largest bubble 
observed prior 

 

 

Firstly, an NH4Cl solution that was doped with 100μL Fe3O4 NP suspension prior to 

irradiation was imaged and key frames are provided in Appendix A-5. Interestingly, the 

observable 22μm bubble in frame 1 shrank to 14μm by frame 2 and by frame 3; no object 

was detected in this position (although it may have been present and non-resolvable). By 

frame 5000 (50ms) the first crystal was observable in this location, which is consistent 

with the previous observations made in the undoped samples.  In the previous captures of 

doped undersaturated solutions with absorbing nanoparticles (section 4.3.1.1.), when 

100μL Fe3O4 NP suspension was added, 51 bubbles were detected. Whereas in doped 

solution A (S=1.2), only 2 bubbles were detected in frame 1. This suggests that an 

inhomogeneous dispersion of NP is created on addition of the NP suspension though; there 

may well be regions of high particle density out with the field of view.   

Next, an NH4Cl solution that was doped with 600μL Fe3O4 NP was imaged and fifty 

bubbles were detected in frame 1 (key frames are provided in Appendix A-5). By adding 

a considerably larger volume of the aqueous NP solution, the absolute concentration of 
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NH4Cl was reduced and this sample therefore had a lower S of 1.1. It has already been 

established that decreasing the absolute concentration of the solute decreases the lability 

of samples to nucleate.239 Sample B was observed not to nucleate, which can be attributed 

to the lower S of this sample. Furthermore, the large number of bubbles nucleated within 

the field of view implies a high NP particle density in this region, which would generate 

considerably higher heat than in sample A, where two bubbles were detected. Therefore, 

on consideration of the large number of cavitation bubbles generated within the field of 

view, it seems probable that any primary nuclei generated may have re-dissolved (before 

reaching a detectable size) if the solution temperature in the beampath was increased 

substantially. Finally, key frames from the next 600μL Fe3O4 NP-doped supersaturated 

solution (C) imaged are provided in Fig. 4-6 and 4-7.  

 

 

 

 

 

 

 

 

 
 

Figure 4-6 Images captured following the single-pulse irradiation of Fe3O4 NP -doped 
NH4Cl solution C (S=1.1). Nine bubbles are observed in frame 1 (in the range 11-25 
μm). By frame 2, three of the bubbles are not observed within the field of view, three 
bubbles have shrunk and three bubbles have expanded. By frame 3, the bubbles have 
shrunk and the object in frame 7 persists in the solution in the same position as the 

largest bubble (maximum diameter of 50μm in frame 2) observed prior.  

1 0 
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Assuming that the largest bubble was detected at its maximum size (radius = 25 µm), a Τc 

of 2.3μs is calculated. Therefore, it is speculated that the bubbles observed in frame 3 may 

have undergone several expansion and shrinkage cycles in the 10μs time difference 

following frame 2, based on previously reported observations of laser-induced cavitation 

bubbles.286 As previously observed in undoped solutions A and B, an unidentified object 

in the position of the largest bubble detected prior was observed to persist in the solution. 

Considerably fewer bubbles were detected within the field of view in doped solution C (9 

on compassion with 50 in doped solution B) and if the particle density within the beampath 

was lower then, accordingly fewer bubbles would be generated and it is deduced that this 

would generate less bulk/macroscopic heating of the supersaturated solution. Fig. 4-7 

shows further images captured in this sequence from 5-900ms.  

 

 

 

 

 

 

 

 

Figure 4-7 Images captured between 5-900ms following the single-pulse irradiation of 
Fe3O4 NP -doped NH4Cl solution C (S=1.1). Growth of the crystal is inferred between 

frame 500 and 10 000, which is in the same location as the largest bubble observed 
prior. By frame 45 000, five crystals can be observed. 

 

By frame 45 000 (450ms), five crystals can be observed within the field of view. Aside 

from the first observable crystal, which originated and grew in the same location as the 

10 000 500 20 000 

45 000 35 000 90 000 
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persisting object (and the largest bubble observed prior), the remaining four crystals can 

be observed in the upper half of these frames. This suggests there has been a net upwards 

drift of particles following the laser pulse, which may be explained by an increase in heat 

generated within the irradiated volume due to the added Fe3O4 NP, which induced an 

increased convection in the solution.   

The dynamics of the multi-bubble cavitation field generated within the beampath are both 

difficult to visualise and capture, particularly within the constraints of 10μs observation 

intervals and a 3.6μm object size detection limit. It is highly likely that many sub-micron 

sized bubbles (nanobubbles) were generated that are far below the object size detection 

limit. It is thought that the generation of nanobubbles may contribute to the turbulence of 

the irradiated solution and it is unknown if they play a role in nucleation induction or the 

location in which generated crystals are observed. Bubble oscillation and collapse events 

within a confined area are known to cause microconvection and vortex formation in the 

liquid.287 This aspect provides a further challenge in capturing bubble and crystal 

nucleation events.  

Out of six imaging attempts, in one case no bubbles at or above the object size detection 

limit were detected before the appearance and growth of 11 crystals (undoped sample C). 

Also, in the case of doped sample B, fifty bubbles were detected in frame 1 and no crystals 

were generated, yet persisting objects in the location of prior bubbles were observable in 

frame 90 000 (900ms following irradiation). There were four samples in which both 

bubbles and crystals were detected within the field of view and in every case; the first 

observable crystal appeared in the same location as the largest bubble observed prior. This 

observation provides strong evidence that the cavitation event is directly linked to crystal 

nucleation in LIN. In three of these four solutions, an unknown object (most likely to be 

a bubble remnant following multiple expansion and shrinkage cycles of the nucleated 

bubble following the initial collapse) persisted in the solution and it is unknown if this 

object could have provided a surface for heterogeneous nucleation.  Additionally, the 

theoretical proposal of nucleation induction from high solution supersaturation, generated 

from solvent evaporation during bubble growth would be extremely challenging to verify 
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experimentally.288 However, as the extent of supersaturation increase would increase with 

the size of the bubble generated (as more solvent would be vaporised), this proposal 

seemingly aligns with the observation of the first crystal in the position of the largest 

bubble observed prior. Furthermore, in the undoped solution A, a second crystal was also 

later observed to originate and grow in the same location as a prior bubble. Overall, the 

high-speed imaging observations demonstrate a direct relationship between absorbing 

particles, cavitation generation and crystal nucleation.  The induction of multiple primary 

nuclei by laser-induced particle heating presents an exciting opportunity for future studies 

of crystal nucleation (which would be expected to involve optimisation of and greater 

control over solution and optical parameters). 

 

4.3.2. Needle Hydrophone Measurements  
 

Within the unfocussed beampath, the nucleation of multiple bubbles of different sizes and 

lifetimes resulted in the generation of complex acoustic signals. The signal RMS value of 

the filtered data allowed the comparison of the magnitude of each signal. Furthermore, the 

FFT of the signal shows how the energy is distributed over the frequency domain, rather 

than the time domain. The integration of the signal following FFT provides the BIV, which 

is used to quantify the cavitation generated on laser irradiation. 

Fig. 4-8 shows (a) example needle hydrophone measurements of a single-pulse irradiated 

DI water sample, a 0.328 g/g NH4Cl solution (S= 0.9), together with the recorded signal 

with a beam stop placed in front of this solution (which blocked the passage of the laser 

through the cuvette). The corresponding FFT output of the waveforms are also provided 

in (b). The measurements clearly demonstrate that when the laser is allowed to pass 

through a sample of DI water and an NH4Cl solution, broadband noise is produced. 
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Figure 4-8 In (a) plot of time-domain waveforms recorded in a 0.328 g/g NH4Cl 
solution, a DI water sample and with a beam stop placed outside of the solution; (b) 

Plot showing the corresponding FFT output of the waveforms    

 

From, Nanoparticle Tracking Analysis (Appendix A-2), an equivalent particle 

concentration of 1.38 ± 0.50 108/mL wad determined for the 0.328 g/g NH4Cl solution 

prepared in DI water. Furthermore, a DI water sample was measured as a background, 
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from which an equivalent particle concentration of 0.42 108/mL was obtained. Therefore, 

the particle concentration of the NH4Cl solution is ca. 3.3 times higher than the DI water 

sample. It is important to highlight the fact that the identity of the impurity particles in 

both DI water and NH4Cl are unknown. Though, in the previous NH4Cl LIN study by 

Ward et al, it was implied that phosphate and iron nanoparticles were present in the 

solute.257 However, impurities that are likely generated during the chemical manufacturing 

process could vary significantly between chemicals, manufacturer and across batches. 

Comparing the RMS of the waveforms in (a), the signal recorded in the NH4Cl solution 

(2.367 mV) and the DI water sample (0.764 mV), the NH4Cl solution is ca. 3.1 times 

higher, which implies a relationship between the particle population dispersed in the liquid 

and the recorded acoustic signal.  

Spectrograms of the example signals are provided in Fig. 4.9, in which the vertical axis 

represents the time of the signal and the horizontal axis represents the frequency. This 

allows for a better visual understanding of the frequency content of the signals. 

Spectrograms are two-dimensional heat maps which represent the power spectrum of a 

signal as this signal sweeps through time. In Fig. 4.9, a distribution of frequency 

components can be observed at each time point.  The higher in magnitude the frequency 

component is, the warmer the colour and vice-versa.  

From the high-speed imaging observations reported in an undoped 0.328 g/g NH4Cl 

section 4.3.1.1., a maximum bubble radius ca. 12.5μm allows for a Tc of this bubble to be 

approximated as ca. 1μs (although, successive expansion and shrinkage cycles following 

the initial collapse would also be expected to contribute to the broadband noise). From 

sound velocity (c) measurements performed in aqueous NH4Cl solutions by Koga, a c of 

1697 ms-1 was extrapolated for a 0.328 g/g solution at 22°C.292 This allows a time for the 

acoustic events generated within the irradiated volume to reach the hydrophone (d=10 mm) 

to be approximated as 5.9μs. From Fig. 4.9, it is deduced that the energy of the signal 

recorded in NH4Cl is mainly concentrated over the frequency range 0.2-1.5 MHz. from 

5.6-8.1μs. This observation is consistent with bubbles forming, expanding and undergoing 

initial collapse within a ca. 2.5μs time period following irradiation.  
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Figure 4-9 Spectrograms of the example signals measured in the 0.328 g/g NH4Cl 
solution, a DI water sample and with a beam stop placed outside of the solution 
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A further region of high signal energy can also be observed in the frequency range 0.3-

0.9 MHz, which can possibly be attributed to later bubble shrinkage events, or even the 

initial collapse of larger bubbles in the time period 11.3-13.8μs following irradiation. In 

the case of DI water, based on a c of 1488 ms-1 at 22°C, the time for the acoustic events 

generated within the irradiated volume to reach the hydrophone can be approximated as 

6.7μs.293 From Fig. 4.9, there are contributions to the frequency range 0.2-1.5 MHz 

commencing at 6.3μs; however, it is clear that the signal energy is more evenly distributed 

over the time period succeeding the detection of acoustic events following irradiation. 

From this, it is deduced that there were fewer and lower energy cavitation events captured 

in the DI water sample, on comparison with the NH4Cl solution. Moreover, the signal 

RMS and BIV values obtained from hydrophone measurements performed in tap, DI and 

UP water (provided in Appendix A-6) were all of a similar magnitude. The following 

sections explore the effect of solute concentration, alongside Fe3O4 NP doping and 

filtration of solutions prior to irradiation on the acoustic signals recorded with the needle 

hydrophone. All of the time domain waveforms recorded in all laser-irradiated samples 

are provided in Appendix A-6. 

 

4.3.2.1. Effect of Solute Concentration 
 

The 5-shot average RMS values of the acoustic signals recorded in single-pulse irradiated 

solutions of increasing NH4Cl concentration are shown in Fig. 4-10. In which, the RMS 

values have been corrected by subtracting the average RMS measurement in DI water 

from all samples.   
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Figure 4-10 Plot showing the corrected 5-shot average RMS values of the signals 
measured in single-pulse irradiated NH4Cl solutions as a function of solute 

concentration 

 

As previously suggested, an increased signal magnitude can be attributed to the higher 

particle concentration of the solution with increasing amounts of solute added. The data 

shows a reasonable linear fit that would be expected if the RMS signal was directly 

dependant on solute concentration.  This would be consistent with the presence of impurity 

particles in the NH4Cl being responsible for photothermal cavitation and the resulting 

acoustic signal. Deviation from linearity in Fig. 4-10 can be attributed to the stochastic 

nature of the experiment. Significant variance was observed in the associated standard 

deviations from the 5-shot average between several samples and it is unknown how the 

particle population and size distribution is altered by each laser shot. The 5-shot average 

results of hydrophone measurements are provided in Table 4-4. 
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Table 4-4  5-shot average results of needle hydrophone measurements in NH4Cl 
aqueous solutions of increasing solute concentration  

NH4Cl concentration 
 (g/g DI water) 

RMS (mV) p-p Aamplitude (mV) BIV (V Hz) 

0.036 1.061 ± 0.088 11.3 ± 1.1 4341 ± 408 

0.109 1.559 ± 0.426 20.8 ± 1.2 6940 ± 261 

0.182 2.139 ± 0.038 17.2 ± 1.0 6551 ± 554 

0.255 2.459 ± 0.508 38.0 ± 0.9 9580 ± 779 

0.328 2.743 ± 0.035 45.6 ± 1.0 13004 ± 834  
 

Observations of the signal decreasing following the first shot were originally considered 

to be due to dirt on the outside of the cuvette, which would presumably be removed after 

one pulse. However, in some cases (such as the 0.225 g/g solution), the signal RMS 

decreased following the first and second shot but by the fourth shot, the signal RMS was 

observed to increase. Overall, the data does demonstrate a trend of a linearly increasing 

RMS signal with solute concentration that would be consistent with the presence of 

absorbing impurity particles along with the solute itself.  

Laser-induced cavitation is known to induce intense microconvection and vortex 

formation in the surrounding liquid.287 Furthermore, in the previous report by Ward et al., 

the results of laser processing suggested that the laser destroys impurity particles.257  For 

these reasons, a time between each sample shot of ca. 1 minute was allowed for the sample 

to refresh and for diffusion to refill the beampath to an equivalent particle 

concentration/distribution following each shot. Increasing the solute concentration of 

NH4Cl resulted in the measurements of larger signal RMS values, which correlated with 

increased BIV values, from which a higher number of and higher energy cavitation events 

are inferred.  Moreover, it is thought that needle hydrophone measurements of single-

pulse irradiated solutions, in which the solute concentration is gradually increased, may 

provide a useful method for indicating whether photoactive impurities are present in the 

solute and therefore if LIN via particle heating is possible.  
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4.3.2.2. Effect of Solution Filtration and Nanoparticle Doping 

  

Ward et al. previously demonstrated that filtering supersaturated NH4Cl solutions prior to 

irradiation reduced the probability of LIN and significantly reduced numbers of primary 

nuclei were generated within the irradiated volume.257 Dynamic Light Scattering 

measurements of unfiltered and filtered confirmed that filtration reduced the size 

distribution of particles present the solution. The authors also reported that this effect 

could be reversed by subsequently doping the solutions with Fe3O4 NP. 257 5-shot average 

results of hydrophone measurements in NH4Cl solutions that had either been filtered or 

doped prior to irradiation are provided in Table 4-5.  

 

Table 4-5  5-shot average results of needle hydrophone measurements in 0.328 g/g 
NH4Cl solutions that had been either filtered or NP-doped prior to irradiation 

Pre-treatments 

RMS (mV) 
p-p Amplitude 

(mV) 
BIV (V Hz) Filter pore 

size (µm) 

Volume 
Fe3O4 NP 
suspension 
added (µL) 

unfiltered - 5.090 ± 1.884 48.7 ± 12.4 23260 ± 7052 
5 - 1.711 ± 0.026 26.1 ± 0.4 10712 ± 547 

1.2 - 2.065 ± 0.283 28.0 ± 1.4 12330 ± 899 
0.8 - 1.758 ± 0.313 26.9 ± 0.2 9838 ± 699 
0.45 - 2.088 ± 0.185 28.0 ± 0.9 10736 ± 321 
0.1 - 2.336 ± 1.057 30.6 ± 7.7 10336 ± 918 
- undoped 2.465 ± 0.350 31.8 ± 0.3 11977 ± 990 
- 30 7.010 ± 0.964 83.4 ± 25.2 38200 ± 12205 
- 75 13.589 ± 3.134 157.0 ± 26.9 80533 ± 11777 
- 100 20.690 ± 2.746 213.0 ± 41.9 108289 ± 26793 
- 150 21.767 ± 1.698 259.8 ± 19.9 104719 ± 22351 
- 300 30.252 ± 3.909 418.1 ± 66.9 246413 ± 72877 

 

Firstly, it should be noted that the untreated “unfiltered” and “undoped” samples were 

replicates that were dispensed from the same stock 0.328g/g NH4Cl solution. Whilst the 

average RMS value recorded in the second (“undoped”) measurement set was 2.465 ± 

0.350 mV, in the first measurement set (“unfiltered”) there is a large variance between 
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measurements with an average RMS value of of 5.090 ± 1.884 mV, in which individual 

values ranged from 2.773 mV in the fifth shot to 7.146 mV in the second shot. These 

results suggest that there is a level of inhomegenity in the dispersion of particles, which 

may be explained by the presence of larger impurity particle aggregates within the 

irradiated volume of the “unfiltered” solution measurement set in the first four shots. 

Presumably larger particle aggregates would absorb more energy and vaporise more of 

the surrounding solvent, producing larger bubbles which collapse with higher energy. The 

average RMS values of the “unfiltered” and “undoped” measurement sets were combined 

for comparison in Fig. 4-11., alongside the average RMS values recorded in (a) solutions 

that were filtered and (b) solutions that were doped with Fe3O4 NP. 

Filtering solutions prior to irradiation did overall reduce the average RMS values 

measured on comparison with untreated NH4Cl solutions. The combined RMS average of 

the untreated samples was 3.778 ± 1.883 mV, whereas filtering solutions with a 0.1μm 

pore size resulted in an average RMS of 2.336 ± 1.057 mV and filtering solutions with a 

5μm pore size gave an average RMS of 1.711 ± 0.026 mV. These results support the 

proposal that the highest RMS measurements recorded in the unfiltered solution 

measurement set may be from large (> 5μm) particles/particle aggregates present in the 

solution, which are expected to absorb more energy and generate large vapour bubbles. 

On consideration of the proposal that LIN occurs via high supersaturation generation due 

to solvent evaporation occuring during the bubble growth period: it follows that the 

irradiation of a <100 nm NP in the solution is likely to produce a considerably smaller 

bubble (vapourising a lower volume of the surrounding solvent), on compasison with a 

>5 μm particle.288  It is thought that there will be a critical bubble size (and lifetime) for a 

cavitation event to lead to nucleation. Hence the nucleation probability is likely to be 

higher in the case where larger NP/NP aggregates are irradiated and generate larger 

bubbles with a longer initial growth period, leading to higher supersaturation elevation 

surrounding the bubbles.  
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Figure 4-11 Graphs showing (a) the effect of filtration on the average RMS values 
measured in single-pulse irradiated NH4Cl solutions and (b) the effect of Fe3O4 NP-

doping on the average RMS values of the signals measured 
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Fe3O4 NP doping of the NH4Cl solutions significantly increased the average RMS values 

measured in the solutions, on comparison with the undoped solution measurements. 

Combining these results with the high-speed imaging observations in irradiated 

understaurated NH4Cl solutions doped with increasing volumes of the Fe3O4 NP solution 

(Section 4.3.1.1.), it follows that adding increasing amounts of absorbing particles resulted 

in an increased number of cavitation events and larger bubbles with longer lifetimes. The 

variance between measurements of irradiated samples is attributed to particle aggregation 

and an inhomogeneous dispersion of absorbing particles/aggregates within the beampath. 

For nanoparticles that absorb laser light strongly, it is known that heating can lead to 

melting and possibly fragmentation.257  It has previously been reported that light scattering 

measurements of unfiltered NH4Cl solutions that underwent long-term laser exposure 

pulses reduced the particle size distribution (similar in effect to filtration).257  It has also 

been suggested that the mechanical energy generated on cavitation bubble collapse causes 

fragmentation of NP during laser processing.235 A plot showing the effect of laser 

processing on the signals recorded in a 100 µL Fe3O4 NP-doped NH4Cl solution is shown 

in Fig. 4-12.  
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Figure 4-12  Plot showing the effect of laser processing on the signals recorded in a 
100 µL Fe3O4 NP-doped NH4Cl solution. In (a) the solution was irradiated by a single 
pulse (b) the signal was recorded immediately following irradiation at 10 Hz for 10 s 

and (c) the signal was recorded after the sample was left to refresh for 90 s. 

 

The RMS value of (a) was measured as 19.133 mV, and measurement of the solution 

immediately following 10 Hz irradiation for 10s gave an RMS value of 4.232 mV, which 

is of a similar magnitude to the undoped and unfiltered NH4Cl solution measurements. 

This large reduction in signal magnitude is attributed to the destruction of absorbing 

particles within the beampath. As the solution mixed by diffusion and more particles 

moved into the beampath over a 90s period, a further measurement (c) gave an RMS value 

of 25.778 mV. It is suspected that the absorbing particles/particle aggregates were melted 

or were fragmented from the mechanical energies generated on cavitation bubble collapse. 

Overall, the needle hydrophone measurements provide further compelling evidence for 

the impurity particle-heating mechanism behind NPLIN.  
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4.4. Conclusions 
 

The role of impurity particles behind the NPLIN effect has been considered since 2009, 

following observations of filtration suppressing KCl LIN by Alexander and Camp.251 

Since then, some doubts have been cast on proposals of the optical electric field acting 

directly upon solute clusters.235 According to Ward et al., the impurity particle-heating 

mechanism can explain why; (a) a threshold laser power is observed for LIN to occur, (b) 

NPLIN does not work for every system, together with variabilities reported between 

studies on the same solute-solvent system, and (c) filtration suppresses LIN whilst doping 

with absorbing NP increases the propensity for LIN.257 Until now, there has been a lack 

of experimental attempts to detect vapour cavities in order to support this mechanism. 

Combining the high-speed imaging observations and needle hydrophone measurements, 

this work provides compelling evidence for the NPLIN impurity particle-heating 

mechanism. 

High-speed imaging of laser-irradiated NH4Cl solutions (S=0.9), demonstrated that the 

number of bubbles generated within the field of view increased with the volume of Fe3O4 

NP suspension added prior to irradiation. This is attributed to a mechanism involving NP 

and/or NP aggregates absorbing light from the laser pulse and rapidly heating up to 

generate photothermal vaporisation in the surrounding liquid, with more energy being 

absorbed by larger particles and/or particle aggregates, resulting in the generation of larger 

bubbles with longer lifetimes. Furthermore, what is believed to be incandescence from 

particle heating was observed prior to bubble growth to a maximum radius. The 10μs 

observation intervals and spatial resolution of the imaging setup provided a field of view 

of 1120μm by 445μm and an object size detection limit of 3.6μm. Therefore, a detailed 

investigation of bubble dynamics was not possible. It is expected that observations at < 

1μs intervals (imaging at > 1, 000, 000 fps) and a higher spatial resolution would be 

required to investigate the cavitation bubble activity in greater detail, but this would also 

significantly reduce the field of view and reduce the likelihood of capturing bubbles 

nucleated within the beampath. Interestingly, dark particle-like objects were observed at 
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the same locations where the largest bubbles within the field of view were observed prior, 

which are thought to be remnant bubbles that persist in the solution.  

Out of six LIN imaging attempts, in one case no bubbles at or above the object size 

detection limit were detected before the appearance and growth of 11 crystals (undoped 

sample C). Also, in the case of doped sample B, fifty bubbles were detected in frame 1 

and no crystals were generated yet, persisting objects in the location of prior bubbles were 

observable in frame 900ms following irradiation. Bubble oscillation and collapse events 

within a confined area are known to cause microconvection and vortex formation in the 

liquid and this aspect provides a further challenge in capturing bubble and crystal 

nucleation events. There were four samples in which both bubbles and crystals were 

detected within the field of view and in every case, the first observable crystal appeared 

in the same location as the largest bubble observed prior. This observation provides strong 

evidence that the cavitation event is directly linked to crystal nucleation in LIN and it 

follows that the extent of supersaturation increase would increase with the size of the 

bubble generated, as more solvent would have been vaporised. In three of these four 

solutions, an unknown object (most likely to be a bubble remnant following multiple 

expansion and shrinkage cycles of the nucleated bubble) persisted in the solution and it is 

unknown what role, if any, the unidentified, long-lived object noted immediately after 

bubble shrinkage/collapse may have in nucleation induction. It is thought that there will 

be a critical bubble size (and lifetime) for a cavitation event to lead to nucleation; 

therefore, not all cavitation events will lead to nucleation induction. Hence the nucleation 

probability is likely to be higher in the case where larger impurity particles/particle 

aggregates are irradiated and generate larger bubbles with a longer initial growth period, 

leading to higher supersaturation elevation surrounding the bubbles.  

Within the unfocussed beampath, the nucleation of multiple bubbles of different sizes and 

lifetimes resulted in the generation of complex acoustic signals. By investigating the effect 

of solute concentration on the resulting acoustic signals, a trend of a linearly increasing 

signal RMS with solute concentration was observed that would be consistent with the 

presence of absorbing impurity particles along with the solute itself. Therefore, it is 
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concluded that the impurity particles present in untreated NH4Cl solutions are responsible 

for photothermal cavitation and the resulting acoustic signal.  Filtering solutions prior to 

irradiation did overall reduce the average signal RMS values measured on comparison 

with untreated NH4Cl solutions. These results support the proposal that the highest RMS 

measurements recorded in the unfiltered solution measurement set are from large (> 5μm) 

particles/particle aggregates present in the untreated solution. Fe3O4 NP doping of the 

NH4Cl solutions significantly increased the average signal RMS values measured in the 

solutions, on comparison with the undoped solution measurements. It follows that adding 

increasing amounts of absorbing particles resulted in an increased number of cavitation 

events and larger bubbles. The variance between measurements of irradiated samples is 

attributed to particle aggregation and an inhomogeneous dispersion of absorbing 

particles/particle aggregates within the beampath.  

The effect of laser processing was also investigated. Following 10 Hz irradiation, the large 

reduction in the signal magnitude can be attributed to the destruction of absorbing particles 

within the beampath. As the solution was left to refresh (mix by diffusion), a further 

measurement demonstrated that this process allowed for the beampath to be refilled with 

more particles. Overall, the results demonstrate a direct relationship between absorbing 

particles, cavitation generation and crystal nucleation and the induction of multiple 

primary nuclei within an unfocussed beampath, by laser-induced particle heating. This has 

powerful implications for discussions behind the mechanism for LIN.  

 

 



 

98 
 

A Comparison of Cavitation Activity in 

Crystallisation Solvents under a High-Power 

Ultrasound Field  
 

“Know thy liquid” 

 

 

 

 

Declaration: CF planned and carried out all of the experimental work in this chapter. 

Some results were published in the 2019 IEEE International Ultrasoncs Symposium 

proceedings.294  

Symbols 
Acoustic pressure (Pa) 
Density (ρ) 
Dynamic viscosity (μ) 
Reynolds number (Re) 
Sound velocity (c) 
Surface tension (γ) 
 
Abbreviations 
Acetonitrile (ACN)  
Butanol (BuOH) 
Broadband Integrated Voltage (BIV) 
Dissolved Oxygen (DO) 
Ethanol (EtOH) 
Fast Fourier Transform (FFT) 
Focused Beam Reflectance Measurement (FBRM) 
Isoamyl Alcohol (IAA) 
Methyl Ethyl Ketone (MEK) 
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5.1. Introduction 
 

From a review of the sonocystallisation literature, it was clear that few reports involved 

measurement of cavitation activity in the generated sound field and the main reason for 

this is likely to be the specialist instrumentation required for quantifying the phenomena 

associated with bubble collapse (acoustic and light emissions).186 As mentioned 

previously, cavitation measurements allow quantification of the energy from “active” 

bubbles contributing to the observed sonocrystallisation outcomes. 182 Under an applied 

ultrasound filed, stable cavitation bubbles undergo many oscillations during their lifetime 

and grow via coalescence or rectified dissusion. Whereas, transient cavitation bubbles 

bubbles are short-lived and collapse more violently, producing larger mechanical 

effects.195 Stable bubbles are mostly observed with plate transducers while transient 

bubbles are typically observed with ultrasound probes. However, differences in frequency, 

position of the ultrasound source, reactor design and ultrasound intensity have previosuly 

been determined to influence the ultrasound field and hence impact the cavitation bubble 

type. 118 

A continuously driven acoustic cavitation field is highly dynamic and under which, 

oscillating bubbles are subjected to primary Bjerknes forces (acoustic radiation forces of 

the applied sound field) and secondary Bjerknes forces (attractive and repulsive forces 

between oscillating bubbles). According to Crum, cavitation bubble dynamics is highly 

dependent on variables such as the dissolved gas concentration and liquid vapour 

pressure.183 Several authors have reported cavitation measurements in water and other 

non-aqueous liquids.97, 150, 196 It has been reported that under the same applied ultrasound 

field,  the physical properties of a liquid dictate the cavitation activity.196 A high vapour 

pressure has been reported to result in growing cavitation bubbles filling with liquid 

vapour.295 The liquid vapour is thought to cause a cushioning effect, which results in a 

lower collapse energy.97 Furthermore, the liquid viscosity influences sound attenuation, 

with higher liquid viscosities leading to more energy lost to internal friction in the liquid.87  
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Lee noted that a higher concentration of dissolved air in a liquid increases the number of 

bubble nuclei available for cavitation activity.130 By performing acoustic emission 

measurements in tap water and degassed water, Liu et al. determined that cavitation 

bubbles generated in high air content medium have a weaker collapse strength.296 This 

was attributed to the diffusion of the air into the bubbles during growth cushioning the 

collapse. The authors also noted that a higher bubble density results in additional acoustic 

attenuation due to acoustic scattering and bubble shielding effects.296 Hatanaka et al. 

explained that this shielding effect arises from bubbles on the outside of a bubble cluster 

preventing the applied ultrasound from reaching the inner bubbles through impedance 

mismatch, in a study that reported the quenching of sonoluminecence intensity 

measurements due to bubble shielding effects .297 

The solute-solvent system of interest for the later sonocrystalllisation work in this thesis 

was paracetamol re-crystallised in isoamyl alcohol (IAA), for the further investigation of 

the effect of cavitation generation on impurity rejection. The frequency of interest was 40 

kHz. From this, the following aims were conceived: 

 Establish a setup for the measurement of acoustic cavitation in typical 

crystallisation solvents (including IAA) and water at 40 kHz, exploring the effect 

of solvent physical properties on the broadband noise produced 

 Investigate the effect of degassing the solvents prior to measurement  

Furthermore, Focussed Beam Reflectance Measurements (FBRM) have previously 

proven to be useful for counting bubbles and providing a snapshot of the cavitation activity 

in continuously driven pressure fields.298, 299 Since this instrument is readily available to 

crystallisation scientists, FBRM were also used in conjunction with the needle hydrophone 

measurements in order to evaluate the use of this instrument for characterising bubble 

activity under an applied sound field.  

There are no known studies on the effect of solvent properties on the sonocrystallisation 

outcomes, under an applied high-power ultrasound field. Therefore, it was anticipated that 

the outcomes of this work could guide further sonocrystallisation experiments.   
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5.2. Materials and Methods 
 

5.2.1. Solvent Preparation 
 

1-butanol (BuOH), ≥ 99.5%, ethanol (EtOH), ≥ 99.8%, IAA ( ≥ 99.0%, and methyl ethyl 

ketone (MEK), ≥ 99.5% were purchased from VWR Chemicals. Acetonitrile (ACN),≥ 

99.5% and ultrapure water (HPLC Grade) were purchased from Alfa Aesar. Physical 

property data for the solvents selected is provided in Table 5-1, in which the sound the 

sound attenuation coefficients were calculated from equation (1.5). The Reynolds number 

(Re) was calculated using a reference velocity of  0.1 ms-1 (which is a typical flow velocity 

in acoustic flow).196 The reference length was taken as the diameter of the vessel (70 mm). 

All other unreferenced data was obtained from Smallwood.306  

 

Table 5-1 Solvent physical property data 

Property MEK ACN EtOH BuOH IAA Water 

Liquid density, ρ at 25°C  

(kg m-3) 
805 786 789 810 810 997 

Surface tension, γ at 20°C (Nm-1) 24.6 29.1 22.3 24.6 23.8 72.8 

Dynamic viscosity, μ at 25°C 

(mPa.s) 0.41 0.38 1.08 3.00 4.20 0.89 

Vapour pressure at 21°C (mbar) 100.4 94.7 60.9 6.4 3.1 25.3 

Sound velocity, c at 25°C (ms-1) 1196300 1287301 1142302 1239303 1235304 1498305 

Reynolds number (Re) 13744 14479 5114 1890 1350 7842 

Sound attenuation coefficient, α 

at 25°C and 40 kHz (cm-1) 
12.5 9.6 38.7 82.0 115.9 11.2 
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The solvents were either used as received or firstly underwent a degassing procedure prior 

to measurement. More specifically, a Büchner flask containing 500 mL of the solvent was 

placed into an ultrasonic cleaning bath (model: FB11211 Fisher Sci, 37 kHz, degas mode, 

100% power) which was heated at 50°C and under vacuum pump for a duration of 30 

minutes. The dissolved oxygen (DO) content of the UP water was monitored with the 

FiveGo F4 DO meter (Mettler Toledo, OH, USA). A “zero oxygen” solution was prepared 

with zero oxygen tablets (≥20 — <30% concentration of citric acid, Mettler Toledo) and 

deionised water (dispensed via Millipore Milli-Q water purification system). A 2-point 

calibration was performed by measuring the DO concentration in air (8.13 mg/L) and in 

the “zero oxygen” solution” (0.00 mg/L). Since the electrode housing of the meter is made 

of acrylonitrile butadiene styrene, it was incompatible with the organic solvents used in 

this work. Therefore, the only obtainable DO concentration was the “out of the bottle” 

ultrapure water, which was recorded as 3.30 mg/L. Following the above degassing 

procedure, a DO concentration of 1.53 mg/L was recorded. The DO content was not found 

to decrease further following longer durations of sonication (up to 1 hour).  

 

5.2.2. Acoustic Cavitation Measurement Setup  
 

Acoustic detection was performed with a NH100 1.00mm PVDF needle hydrophone 

(Precision Acoustics Ltd., Dorset, UK) which was calibrated by the National Physical 

Laboratory (Teddington, UK) in 2019 (certificate reference: 2018100442-3). The tip was 

located using a positioning stage with 0.01mm precision (model: TVP-L, Sauter GmbH, 

Wutöschingen, Germany). Time-domain waveforms were recorded with an Agilent 

Technologies InfinniVision X2024-A digital oscilloscope (Agilent Technologies, South 

Queensferry, UK). As the hydrophone tip is incompatible with organic solvents, it was 

protected inside a castor oil-filled latex-rubber sheath (d=5 mm). The vessel was 

constructed by bonding a 250mL borosilicate glass beaker to a 40 kHz Tonpilz 

piezoelectric transducer (CeramTec, Hampshire, England) with an epoxy adhesive. The 

vessel was driven by a 33210A 10 MHz Function Generator (Agilent Technologies, South 

Queensferry, UK) and a wideband 155LCR power Amplifier (Kalmus Engineering, Rock 
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Hill, SC). The hydrophone was axially aligned with the Tonpilz transducer and the 

antinodes of the standing wave were found by moving the hydrophone tip vertically from 

the bottom of the vessel to the liquid surface (58 mm) in 2 mm increments and finding the 

height at which the maximum amplitude of the waveform was observed (40 mm). A G400 

Focused Beam Reflectance Measurement (FBRM) probe (Mettler Toledo, OH, USA) was 

also used to detect and count bubbles generated by the acoustic field. The probe was 

orientated 45° to the surface of the transducer, at the same height in the vessel as the 

hydrophone tip (40 mm). Measurements were performed under ambient conditions (room 

temperature:  20.5—21.8°C). Each solvent was subjected to six driving amplitudes in the 

range 50—800 mV pp (electric power: 0.1—9 W). A schematic of the experimental setup 

is shown in Fig. 5-1. 

 

Figure 5-1: Schematic of acoustic cavitation measurement setup 

 

Needle hydrophone measurements were performed in triplicate and signal processing was 

performed using MATLAB (Mathworks, Massachusetts, USA). A Fast Fourier Transform 

(FFT) was performed, from which, the acoustic pressure (Pa) and Broadand Integrated 
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Voltage (BIV) were calculated. Each FBRM measurement consisted of acquiring chord 

length distributions at the various driving amplitudes investigated for 30s of non-insonated 

(silent conditions), followed by 30s of sonication. The probe was used with iC FBRM 

V4.3 incorporated in the iControl V5.2 software. Each measurement was collected with a 

2 s scan speed and a 2 s sampling interval. Assuming a spherical particle shape, the chord 

length measurements correlate to particle size and the measurement range 1-1000µm. The 

average count over a 30s sonication period was calculated by firstly subtracting the 

average count over the 30s non-insonation period immediately prior. An example FBRM 

measurement output is provided in Fig. 5-2.  

 

Figure 5-2: Example FBRM measurement output performed in IAA. Ultrasound was 
periodically turned on and off for a 30 s duration and each successive measurement with 

ultrasound on, the p-p driving amplitude was increased from 50-800 mV 
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5.3. Results and Discussion 
 

5.3.1. Needle Hydrophone Measurements  
 

The incompatibility of the needle hydrophone tip with non-aqueous solvents was initially 

a major barrier faced in this work. The hydrophone manufacturer (Precision Acoustics 

Ltd) recommended the insertion of the hydrophone into a thin water-filled cot prior to 

measurement, in order to prevent solvent damage and to ensure that the tip experienced 

the correct acoustic impedance. A further barrier was the cavitation damage sustained to 

successive hydrophone tips (in the water-filled cot) following long-term exposure to the 

40 kHz ultrasound field. Originally, driving amplitudes in the range 20 mV-800 mV pp 

were investigated in 30 mv pp increments, during which the hydrophone tip was immersed 

in the vessel with ultrasound on for a total duration of ~ 156 minutes (across all solvent 

measurements and conditions). Furthermore, the cavitation threshold in water at 43 kHz 

has been reported as 27.9 kPa, hence it was speculated that at acoustic pressures above 

this value there could also be interference of measurements in solvents by cavitation 

generated in the water-filled cot.165  

In order to (i) protect the tip from damage and (ii) prevent cavitation generation occurring 

in the liquid-filled cot, castor oil (ρ =0.962497) was selected to fill the cot. Briggs et al. 

provided a cavitation threshold value for castor oil of approximately 405.3 kPa  at 25 

kHz.307 Since the cavitation threshold increases with ultrasonic frequency, the threshold 

value at 40 kHz is expected to be > 405.3 kPa.165 The risk of cavitation damage to the tip 

was substantially reduced in the oil-filled cot and the exposure time of the tip was reduced 

to ~12 minutes. This was achieved by both carrying out larger incremental increases of 

the driving amplitude and by raising the tip out of the vessel after the hydrophone 

measurements were recorded and whilst ultrasound was still on for the completion of the 

FBRM measurements. The tip was visually inspected for signs of damage following each 

measurement set in each solvent.  Fig. 5-3. shows measurements of Pa at three driving 

amplitudes performed in water (i) without a cot, (ii) with a water-filled cot and (iii) with 
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an oil-filled cot. The average measurements of Pa in the oil-filled cot were slightly lower 

than without a cot or with a water-filled cot, however, on consideration of the error range 

of the measurements, it was concluded that the measurements were in good agreement 

within the range of driving amplitudes investigated.  

 

Figure 5-3: Plot of acoustic pressure measurements in water at three driving 
amplitudes with the needle hydrophone prepared (i) without a cot (ii) in a cot filled 

with water and (iii) in a cot filled with castor oil 

 

Under the same applied ultrasound parameters, cavitation generation in water was 

distinctly visibly different from the five organic solvents. In water, no large visible 

bubbles were observed and the surface of the liquid vibrated vigorously under the 

application of 350 mV-800mV pp amplitude ultrasound. Whereas, in the case of the 

organic solvents large visible degassing bubbles were generated from 200mV-800mV pp. 

This observation is consistent with the previous report by Tzanikis et al., who compared 

cavitation generation in water and ethanol and noted that large bubbles were generated in 

ethanol that vigorously oscillated towards the free surface, similar to degassing.196 
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According to Lee, it is the  coalescence of bubbles that is largely responsible for the large, 

visible bubbles or degassed bubbles.109 The moment that ultrasound was turned off, the 

large bubbles/ clusters of bubbles were observed to dissolve. The generation of large 

inactive bubbles by coalescence was observed for all organic solvents and it was most 

severe in the case of IAA (see Fig. 5-4). 

 

Figure 5-4: Image of acoustic cavitation measurement in IAA. Visible clusters of 
inactive bubbles that were significantly larger than the resonant size (75μm at 40 kHz) 

were observed to form and move to the nodes under the action of primary Bjerknes 
forces generated in the ultrasound field. 

 

In the case of high-power ultrasound fields, Ashokkumar et al. reported that there will 

always be a combination of stable and transient bubbles present, but one type will be more 

prevalent.127 Within the vessel, a standing wave was generated from the propagation of 

ultrasound due to reflections at the surface of the liquid. This promoted the generation of 

predominantly stable cavitation.116 Though, it has already been established that at the same 

driving frequency, transient cavitation becomes more dominant as a greater Pa is 

generated.126  

The BIV and Pa values obtained from needle hydrophone measurements in each solvent 

under the same applied ultrasound field are shown in Fig. 5-5. Furthermore, example 

acoustic emission spectra measured in each solvent are provided in Appendix B-1.  
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Figure 5-5: Measurements of BIV in six solvents measured under the same applied 
ultrasound field shown as; (a) a function of p-p amplitude drive and (b) the 

corresponding measured average Pa 
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The processes of rectified diffusion and bubble–bubble coalescence control bubble growth 

and hence the cavitation activity.117 From Fig. 5-5., it is clear that increasing the driving 

amplitude resulted in increased BIV and Pa values obtained from hydrophone 

measurements across each solvent, however marked differences in the magnitude of these 

values are observed on comparison of all solvents. Strong intermolecular interactions i.e. 

hydrogen bonding in water and alcohols are thought to contribute to this observation. At 

a driving amplitude of 800mV pp, in order of increasing BIV values obtained were: MEK 

(187 V Hz) < EtOH (428 V Hz) < ACN (546 V Hz) < BuOH (1336 V Hz) < IAA (1708 

V Hz) < water (3360 V Hz). The more volatile a solvent is, the higher the likelihood is 

that vaporised solvent will enter the bubble during the rarefaction phase of growth by 

rectified diffusion.195 The liquid vapour is thought to cause a cushioning effect, which 

reportedly results in a lower collapse energy.97 In order of increasing vapour pressure at 

21°C (mbar): IAA (3.1) < BuOH (6.4) < water (25.3) < EtOH (60.9) < ACN (94.7) < MEK 

(100.4). On this basis, the rate of evaporation of water, IAA and BuOH is expected to have 

been significantly lower than in the case of ACN, MEK and EtOH. Hence, the BIV 

measurements (indicative of higher energy bubble implosion) are significantly lower in 

the case of ACN, MEK and EtOH.  

The liquid viscosity influences sound attenuation, therefore higher BIV and Pa values 

observed in water on comparison with IAA and BuOH are attributed to significantly lower 

energy lost due to internal friction in the case of water (α = 11.2cm-1) compared to IAA 

(α = 115.9cm-1) and BuOH (α = 82.0 cm-1). Furthermore, across the organic solvents large 

inactive bubbles were generated, which was not observed in the case of water. From this, 

it is also speculated that dense clusters of bubbles generated in organic solvents by 

coalescence may have resulted in additional acoustic attenuation and bubble shielding 

effects, which could also have contributed to the lower Pa values measured in organic 

solvents on comparison with water.  
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5.3.2. Effect of Solvent Degassing  
 

Plots of average BIV measurements under the same applied ultrasound field in untreated 

solvents and the solvents which had undergone the degassing process are provided in 

Fig.5-6. 

 

Figure 5-6: Plots of average BIV measurements under the same applied ultrasound 
field in untreated solvents (black) and degassed solvents (red). Note the scale 

difference in the y-axis 

 

As DO measurements were only possible to in water prior to and following degassing, the 

effect of degassing on the organic solvents could only partially be evaluated. Nevertheless, 

in the case of water, BuOH, EtOH and MEK, overall slightly higher average BIV values 

were measured in the solvent following degassing. This is consistent with the previous 
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report by Liu et al. that reported higher collapse energies for water that had been degassed 

prior to measurement.296  In the case of IAA, where very similar BIV values were recorded 

before and after degassing, it is deduced that the degassing setup and method used may 

not have been effective or the dissolved gas content of the untreated solvent was already 

low. In the case of the most volatile solvents (EtOH, MEK and ACN), it is speculated that 

significant solvent vaporisation occurs during growth and solvent vapour diffusing into 

bubbles cushions the implosion. Whilst degassing may lower the concentration of 

dissolved gases that could result in a higher prevalence of cushioned bubble collapse, a 

lower concentration of dissolved air in a solvent also decreases the number of bubble 

nuclei available.130 This effect could partially have masked the effects of degassing on the 

BIV values obtained, if there were less bubble nuclei available for growth via coalescence. 

Overall, the differences in BIV values obtained before and following the degassing 

procedure are small. 

Plots of average FBRM bubble count measured alongside the needle hydrophone 

measurements in both untreated and degassed solvents are shown in Fig. 5-7. It should be 

noted that the FBRM bubble counts are not a direct measurement of cavitation activity 

and no differentiation between active and inactive bubbles detected in the liquid can be 

made. Nevertheless, the average bubble count was observed to increase with increasing 

driving amplitude and this is attributed to a larger population of bubbles generated under 

the ultrasound field. Moreover, by decreasing the number of available bubble nuclei in the 

solution by degassing, a decrease in the overall bubble count in degassed samples was 

anticipated and broadly, this was observed. There is a marked difference in the bubble 

count in water on comparison with the organic solvents, which agrees with the BIV values 

obtained from hydrophone measurements.   
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Figure 5-7: Plots of average FBRM bubble count measured under the same applied 
ultrasound field in untreated solvents (black) and degassed solvents (red). Note the 

scale difference in the y-axis 

 

Whilst the frequency dictates the bubble size, the applied power influences the bubble 

population.193 From this, it is also thought the bubble counts may also reflect the mixing 

conditions within the vessel. Furthermore, in the case of water where the highest cavitation 

energies were measured, higher shear would have been generated, which is likely to have 

resulted in more turbulent mixing. Therefore, a greater number of bubbles and bubble 

fragments following implosion could have been presented to the probe in a single scan, in 

comparison to less turbulent mixing conditions generated in organic solvents. Moreover 

since, large bubble clusters were not observed during cavitation generation in water, it is 

deduced that a larger population of detectable bubbles or bubble fragments from implosion 

would have been detected. An interesting observation is the bubble count for degassed 

BuOH and IAA dropped to similar levels to the degassed volatile solvents. It follows that 
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at similar bubble counts, higher BIV values for IAA and BuOH could be attributed to less-

cushioned bubble collapse on comparison with more volatile solvents, in which lower BIV 

values were obtained.  

FBRM measurements have previously been utilised for quantification of micron-sized 

bubble populations in continuously driven pressure fields.298, 299 However, it is important 

to emphasise that the probe detects the chord length rather than the diameter of bubbles 

and on comparison with the needle hydrophone, it is not a precision instrument. 

Nevertheless, observed reductions of bubble count in the case of degassed solvents does 

coincide with a lower number of bubble nuclei available with some removal of dissolved 

gas present in the solvent. For comparison, a plot of average BIV measurements and 

average FBRM bubble counts performed at 800 mV pp amplitude drive in untreated and 

degassed solvents is provided in Fig.5-8.     

 

 

 

 

 

 
 

 

 

 

Figure 5-8: Plot of average FBRM bubble counts and average BIV measured in 
untreated (UN) and degassed (DG) solvents at 800 mv pp amplitude drive.   
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Overall, the FBRM bubble counting measurements are broadly in agreement with the 

trends observed with the BIV values across the solvents. However, since the FBRM is 

incapable of providing temporal measurements of cavitation or distinguishing active 

bubbles from inactive bubbles, it is less reliable for the quantification of cavitation bubble 

activity in a sonocrystallisation vessel on comparison with the needle hydrophone.   

 

5.4. Conclusions 
 

A multi-bubble acoustic field is a highly complex and dynamic system. Characterisation 

by measurement of input electrical power or indirect measurement through calorimetry 

can be misleading and it also makes linkage of these measurements to the effects of 

cavitation generation difficult. Measurements of light and acoustic emissions from 

bubbles allows for the “active” bubbles to be distinguished and measured. In this chapter, 

a setup for the measurement of acoustic cavitation in water, BuOH, IAA, EtOH, ACN and 

MEK was established in order to compare cavitation generation across typical 

crystallisation solvents under the same applied ultrasound parameters. A predominantly 

stable cavitation field was generated in the vessel and under the same applied ultrasound 

parameters the following observations were made: 

Cavitation generation in water was visibly different from the five organic solvents; in 

water, no large visible bubbles were observed whereas, in the case of the organic solvents 

large visible (inactive) bubbles generated by coalescence were observed. From this, it is 

also speculated that dense clusters of bubbles generated in organic solvents by coalescence 

may result in additional acoustic attenuation and bubble shielding effects, which may also 

contribute to the lower Pa and BIV values measured in organic solvents on comparison 

with water. Significantly lower Pa BIV values were obtained from measurements in the 

more volatile solvents (EtOH, MEK and ACN) on comparison with IAA, BuOH and water, 

which is attributed to a higher likelihood of liquid vapour of the solvent entering the 

bubble during the rarefaction phase of growth by rectified diffusion and cushioning the 

collapse. Furthermore, lower BIV and Pa values observed in IAA and BuOH on 
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comparison with water are also attributed to higher energy lost due to internal friction in 

the higher viscosity solvents.  

Degassing the solvents prior to measurement in most cases resulted in higher BIV values, 

corresponding to a reduction in bubble cushioning effects by the removal of some 

dissolved gases, but this effect was slight, if at all. This may indicate an ineffective 

degassing procedure. In general, the FBRM detected increasing bubble counts on 

increasing the diving amplitude across the solvents. This indicated that it was indeed 

detecting bubbles generated by the acoustic field, but it is not possible to distinguish 

between inactive and active bubbles present. The average bubble counts obtained did seem 

to support the measurements of BIV across the solvents, but alone it is not a reliable 

method for quantifying bubble activity under an applied ultrasound field. 

It is important to note that these observations are exclusive to the reactor geometry, 

transducer type and frequency used in these experiments. This work serves as the basis 

for the acoustic cavitation measurement technique and solvent selection for Chapter 6. 

Alongside IAA, water and ACN were selected as crystallisation solvents as part of the 

following paracetamol sonocrystallisation study.  
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An Investigation of Paracetamol 

Sonocrystallisation: Mechanisms for 

Polymorphism and Purity Effects 
 

“Know thy sound field”  
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Symbols  
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Induction temperature (Tind)  
Supersaturation ratio (S)  
  
Abbreviations  
Acetonitrile (ACN)   
Acetanilide (ACE)  
Broadband Integrated Voltage (BIV)  
Differential Scanning Calorimetry (DSC)  
Fast Fourier Transform (FFT)  
Focused Beam Reflectance Measurement (FBRM)  
High Performance Liquid Chromatography (HPLC)  
Isoamyl Alcohol (IAA)  
Metacetamol (MCM)  
Particle Vision and Measurement (PVM)  
Paracetamol (PCM)  
X-Ray Powder Diffraction (XRPD)  
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6.1. Introduction 

 

In the manufacture of drug substances, the crystal size distribution, shape, purity and 

polymorphic form are critical quality attributes.2 Most studies in the sonocrystallisation 

literature have focussed on the application of ultrasound to crystallisation processes for 

control over the crystal size distribution.308-315 For the development of industrial 

sonocrystallisation processes, it is critical that the effects of ultrasound on the crystal 

product purity, morphology and form are understood; however, there have been a limited 

number of reports in which these effects were investigated.  

In the case of paracetamol (PCM), the metastable polymorph (form II) is notoriously 

difficult to obtain in solution.47 Nicoud et al. reported that at temperatures above 0 °C, 

seeding a crystalliser with crystals of form II was insufficient to induce the crystallisation 

of form II.47 The elusive nature of form II has been linked to the rapid competitive 

crystallisation of form I, since in solution the presence of form I results in the rapid 

conversion of form II to form I.43 Moreover, Deij et al. reported that PCM form II has a 

substantially higher nucleation barrier than form I and as a consequence, will not be 

formed easily.49  

Mori et al. reported the selective generation of form II with ultrasound (at both 28 and 45 

kHz) and the mechanism behind this remains unclear.223 These experiments were carried 

out at 0—2°C, on a 1 mL scale and ultrasound was applied following the generation of a 

very high supersaturation level  (S = 4.4, based on a solubility of 7.21 mg/mL of PCM in 

water at 0°C from Granberg et al.226). The authors proposed that the selective 

crystallisation of form II relied upon no form I being nucleated, since the presence of form 

I PCM initiates a rapid conversion to form I.217 At 100 kHz, samples did not crystallise, 

which was attributed to the less intense mechanical energies generated at this frequency 

to induce nucleation.223  

Furthermore, previously reported greater impurity rejection of PCM in the presence of 

structurally related impurities, acetanilide (ACE) and metacetamol (MCM) seems 
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counterintuitive to an account of increased crystal growth rates, under a high-power 

ultrasound field.225,234 Nguyen et al. presented purity data from cooling sonocrystallisation 

processes at one ultrasound power setting on comparison with the silent experiments, in 

which nucleation induction occurred at significantly higher supersaturation levels.234 This 

report is the only known study on the effect of high-power ultrasound on the crystallisation 

of a drug substance in the presence of added impurities and the mechanistic proposal of 

cavitation phenomena enhancing impurity rejection requires further investigation. Overall, 

the intense mechanical energies generated from cavitation has been linked to both the 

generation of form II PCM and greater impurity rejection in the presence of structurally 

similar impurities.222, 223, 234 From this, it was expected that by varying the cavitation 

energy generated in PCM sonocrystallisation processes, these effects would be observed 

to varying extents.   

From the above, the following aims were conceived: 

 establish a set-up for cooling sonocrystallisation experiments to be carried out in order 

to further investigate the previously reported (i) selective crystallisation of PCM form 

II and (ii) greater impurity rejection of PCM in the presence of ACE and MCM  

 initially perform scoping experiments (6mL scale) in order to assess the effects of 

cavitation energy on the purity and form from cooling sonocrystallisation of PCM with 

2% mol ACE in (i) isoamyl alcohol (IAA), (ii) water and (iii) acetonitrile (ACN) 

 upscale the PCM-IAA system (125mL) in order to assess the effects of cavitation 

energy on the purity and form from cooling sonocrystallisation of (i) PCM with 2% 

mol ACE, (ii) PCM with 2% mol MCM and (iii) PCM with 1% mol ACE and 1% mol 

MCM. 
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6.2. Materials and Methods 
 

6.2.1. Solution Preparation and Cavitation Generation  
 

PCM (≥ 99.0%,) ACE (≥ 99.0%) and MCM (≥97.0%) were obtained from Sigma-Aldrich. 

IAA ( ≥ 99.0%, was purchased from VWR Chemicals and both ACN (,≥ 99.5%) and 

ultrapure water (HPLC Grade) were purchased from Alfa Aesar. PCM-IAA solubility data 

was taken from Brown et al.316 Solubility data for PCM-ACN was taken from Granberg 

et al.226 and PCM-water data was taken from Jiménez et al.317 Urwin reported that the 

absolute solubility of PCM in IAA is not significantly affected up to 6% mol ACE318 and 

up to 10% mol MCM.319 It is on this basis that the supersaturation ratios in this work (of 

2% mol added impurities) are calculated on that of pure PCM in the solvents investigated 

(IAA, ACN and water).  

The sonocrystallisation vessel was constructed by bonding a jacketed 250mL borosilicate 

glass beaker to a 40 kHz Tonpilz piezoelectric transducer (CeramTec, Hampshire, 

England) with an epoxy adhesive. The vessel was driven by a 33210A 10 MHz Function 

Generator (Agilent Technologies, South Queensferry, UK) and a wideband 155LCR 

power Amplifier (Kalmus Engineering, Rock Hill, SC). The driving amplitude was varied 

between 100—800 mV pp. The jacket temperature was controlled with a Lauda ECO Gold 

heating and cooling thermostat (Lauda GmbH, Königshofen, Germany).  

 

6.2.2. Scoping Cooling Sonocrystallisation Experiments 
 

For scoping experiments, 6mL solutions of PCM in IAA, water or ACN were prepared 

(with and without 2% mol ACE) in 8mL Wheaton clear glass vials (Sigma-Aldrich). As 

in the previous work by Nguyen et al., the solution concentrations were selected based 

upon an S=1.4 at 40°C.234 A polytetrafluoroethylene fixture was made in order to hold 

four vials suspended in water within the jacketed vessel. The solutions were initially 

dissolved in an oil bath (held at 85°C in the case of water and IAA and 75°C in the case 



 

120 
 

of ACN) before being transferred to the vessel, which was heated at 75°C. Following a 

15-minute hold period, ultrasound was turned on and the solutions were cooled to 10°C at 

a rate of 0.5°C min-1 and held for a further 2 hours at 10°C (similarly to the experimental 

procedure reported by Nguyen et al.) The temperature was monitored by a thermocouple 

(Omega model: HH800-SW) which was placed into a “blank” vial only containing the 

crystallisation solvent. The nucleation temperature was determined by visual observation 

of the solutions becoming cloudy, before turning turbid. At the end of the cooling cycle, 

ultrasound was turned off and the suspensions were filtered. The cakes were washed twice 

with 2 mL of the crystallisation solvent, which had been stored at 5°C. Finally, the product 

was dried overnight at 50°C. A schematic of the setup for scoping experiments is provided 

in Fig. 6.1.  

 

Figure 6-1: Schematic of scoping cooling sonocrystallisation experiments 

 

 

6.2.3. Upscale Cooling Sonocrystallisation Experiments 
 

For each upscale experiment, 125mL solutions of PCM in IAA were prepared (166 mg/g 

IAA) either (i) without impurities (ii) with 2% mol ACE (iii) with 2% mol MCM or (iv) 

with 1% mol ACE and 1% mol MCM. The solution was dispensed directly into the vessel 
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and a polytetrafluoroethylene fixture was made in order to hold all process monitoring 

instruments. From the scoping experiments, an increased solute concentration was 

employed, which required a higher dissolution hold temperature of 95°C before being 

transferred to the jacketed vessel, which was heated at 85°C. Following a 15-minute hold 

period, ultrasound was turned on and the solutions were cooled to 10°C at a rate of 0.5°C 

min-1 and held for a further 2 hours at 10°C. All experiments were continuously stirred at 

a rate of 150 rpm. At the end of the cooling cycle, ultrasound was turned off and the 

suspensions were filtered. The cakes were washed twice with 50mL of IAA, which had 

been stored at 5°C. Finally, the product was dried overnight at 50°C. A schematic of the 

setup for scoping experiments is provided in Fig. 6.2. 

 

Figure 6-2: Schematic of upscale cooling sonocrystallisation experiments  

 

Process monitoring was performed using a G400 Focused Beam Reflectance 

Measurement (FBRM) probe and a V819 Particle View Microscope (PVM), both from 

Mettler Toledo, OH, USA. In select experiments, a Raman Kaiser RXN2 (Kaiser Optical 

Systems Inc, MI, USA) with the micro Raman (MR) probe was also immersed in order to 

monitor the polymorphic composition of the sample. The temperature was monitored by 

a thermocouple (Omega model: HH800-SW). Each FBRM measurement was collected 
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with a 2 s scan speed and a 2 s sampling interval and the PVM image update rate was 0.1 

s. Raman spectra were recorded using iC Raman V4.1 software, also incorporated in the 

iControl software. Each Raman spectrum was recorded with two scans and a 30 s 

integration time resulting in one spectrum every 2 min.  The laser wavelength of 785 nm 

was produced by an Invictus diode laser operated at 350 mW at the source, with a CCD 

detector cooled to −40 °C by a Peltier cooling system. The characteristic Raman bands 

used to differentiate forms I and II were 1233—1238 (I) and 1218—1219 (II), on the basis 

of previous work by Agnew et al.51  

 

6.2.4. Materials Characterisation  
 

X-ray Powder Diffraction (XRPD) data was collected for all samples with a Bruker D8 

Advance II diffractometer (GX002103 – Priscilla) using Debye-Scherrer transmission of 

Cu Kα1 radiation with a wavelength of 1.540596 Å. Patterns were collected between 4 – 

35 2θ and were compared to reference patterns located in the Cambridge Crystallographic 

Data Centre for polymorphic assignment. Optical microscope images were collected for 

all samples using a Leica DM2700 M Microscope. The product purity of each sample was 

determined by High Performance Liquid Chromatography (HPLC), using an Agilent 6130 

dual source model instrument with a detection wavelength of 243nm and a Poroshell 120 

EC-C18 Column operated at 40°C. Solid samples were dissolved in 5 % methanol in water 

and a mobile phase of 20 % methanol in water was used. For all samples obtained from 

upscale experiments, Differential Scanning Calorimetry (DSC) measurements were 

carried out using a Netzsch DSC214 Polyma. Samples were heated at rate of 10 °C min-1 

to 200°C, held isothermally for 10 minutes, then returned to room temperature at a rate of 

10°C min-1. 

 

6.2.5. Needle Hydrophone Measurements 
 

Acoustic detection was performed with a NH100 1.00mm PVDF needle hydrophone 

(Precision Acoustics Ltd., Dorset, UK) which was calibrated by the National Physical 
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Laboratory (Teddington, UK) in 2019 (certificate reference: 2018100442-3). The tip was 

located using a positioning stage with 0.01mm precision (model: TVP-L, Sauter GmbH, 

Wutöschingen, Germany). Time-domain waveforms were recorded with an Agilent 

Technologies InfinniVision X2024-A digital oscilloscope (Agilent Technologies, South 

Queensferry, UK). As the hydrophone tip is incompatible with organic solvents, it was 

protected inside a castor oil-filled latex-rubber sheath (d=5 mm). For the scoping 

experiments, the hydrophone was positioned in the centre of the vial whereas, for the 

upscale experiments, the hydrophone was positioned in the centre of the vessel. The 

measurements were performed in triplicate, at 20°C ± 1°C solution temperature. 

Furthermore, (as described previously in Chapter 4) the tip was located at the height in 

which the maximum amplitude of the waveform was observed. Signal processing was 

performed using MATLAB (Mathworks, Massachusetts, USA). A Fast Fourier Transform 

(FFT) was performed, from which the acoustic pressure (Pa) and Broadand Integrated 

Voltage (BIV) were obtained.  

 

6.3. Results and Discussion 
 

6.3.1. Scoping Cooling Sonocrystallisation Experiments  
 

A plot of average Pa and BIV values from needle hydrophone measurements in each 

solvent within a vial suspended in the water-filled jacketed vessel (from 100-800 mV pp 

amplitude drive) is provided in Appendix C-1. Since it was not possible to stir the vials, a 

sub-cavitational driving amplitude was applied (100 mV pp) instead of a silent experiment, 

which was anticipated to have induced mixing effects via acoustic streaming.120, 199  

 

6.3.1.1. Paracetamol Sonocrystallisation without Added Impurities  
 

The results of scoping experiments for cooling PCM sonocrystallisation experiments in 

IAA, water and ACN, without added impurities are shown in Table 6-1. In which, Tind is 
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the temperature recorded for nucleation induction and from this, the superaturation ratio 

(S) was calculated. An important point to note is that poor mixing was anticipated in the 

case of the 100 mV pp  (no cavitation experiments) and erratic mixing was expected in 

the experiments where cavitation was generated (350-800 mV pp). These effects are 

thought to impact the S values calculated (based on the Tind), as it only represents the bulk 

macro-level temperatue measured in the vial and the supersaturation levels in each 

experiment could have been non-uniform, which was probably most severe in the case of 

the PCM-IAA system, due to the high viscosity of this solvent. It is also important to note 

that in the case of PCM, the polymorph formed (I or II) is not determined by the surface 

energy of the nucleus, but the difference in bulk chemical potential and therefore, solvent 

effects can be neglected in an investigation of conditions to obtain PCM form I or II.49 All 

XRPD patterns for scoping experiments are in Appendix C-2. The corresponding 

microscope images are provided in Fig. 6-3.  

 

Table 6-1 Polymorphic results of PCM cooling sonocrystallisation experiments without 
added impurities in IAA, water and ACN 

Experiment 
p-p Amplitude at 

40 kHz (mV) 
Average 
Pa (kPa) 

Tind S Form 

104 mg/g 
PCM-IAA 

 

800 395 10 2.5 II 
650 330 10 2.5 I 
500 347 13 2.4 II 
350 251 10 2.5 II 
100 15 10 2.5 I 

35 mg/g  
PCM-water 

 

800 335 40 1.4 I 
650 323 35 1.7 II 
500 242 30 2.0 I 
350 134 27 2.2 I 
100 8 27 2.2 I 

66 mg/g 
PCM-ACN 

 

800 129 32 1.9 I 
650 141 34 1.7 I 
500 120 29 2.1 I 
350 80 29 2.1 I 
100 14 26 2.5 I 
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Figure 6-3: Microscope images of PCM sonocrystallisation without added impurities 
in (a) IAA, (b) water and (c) ACN. The scale bars represent 50 μm. 

800 mV 
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The crystals produced with cavitation generation in IAA are of a fragmented appearance, 

but it is unlikely that sonofragmentation during growth took place considering that the 

applied cavitation field was predominantly stable. This is further supported by the 

appearance of the crystals from water at high cavitation energies. Crystals similar in 

appearance to those produced from IAA with cavitation generation look like the expected 

product of a fast anti-solvent addition process, involving the generation of very high and, 

typically non-uniform supersaturation levels and a rapid crashing out of the product. The 

crystals obtained are not dissimilar to the images reported in the fast anti-solvent PCM 

sonocrystallisation study by Bhangu et al., that were assigned as mixtures of form I and 

II (from images).222  

On comparison with the crystals generated from no cavitation conditions, it is thought that 

the crystals generated with the application of cavitation followed a different, (more rapid 

and uncontrolled) growth mechanism, such as birth and spread.7  Most of the IAA 

solutions nucleated within the two hour hold period at 10°C, which generated very high 

supersaturation levels in the solutions and which would have facilitated the rapid growth 

of the form II obtained in 3/4 solutions where cavitation was applied. In the case where 

form I was generated (at 650 mV pp), it seems likely that a mixture of form I and II was 

nucleated in this experiment, which transformed to form I before isolation. It is thought 

that there will be a cavitation threshold energy above which form II is preferentially 

nucleated, which would align with the proposal of highly localised, elevated 

supersaturation levels that promote solute clustering on bubble collapse, leading to 

different polymorphic outcomes on comparison with silent conditions.217 Whilst no form 

II was selectively generated in ACN, in which significantly lower cavitation energies were 

measured compared to water and IAA, the rapid solution-mediated transformation of PCM 

II to I cannot entirely be ruled out. In PCM-ACN experiments, cavitation generation did 

result in nucleation induction at lower S levels and no morphological changes were 

observed, both on comparison with silent conditions. The same observations were made 

in the PCM-water system, aside from at 650 mV pp, where rod-like form II crystals were 
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selectively crystallised. Again, rapid solution-mediated transformation cannot be ruled out 

for the remaining PCM crystals obtained from water with cavitation generation.  

 

6.3.1.2. Paracetamol Sonocrystallisation in the Presence of Acetanilide  
 

It has previously been determined that the impurity incorporation mechanism of ACE is 

adhesion to the surface of PCM.73 From the observation of delayed induction times of 

PCM in the presence of ACE reported by Nguyen et al. a second higher concentration was 

also investigated, with the aim of inducing nucleation in the PCM-IAA system at lower 

supersaturation levels.234 An important consideration is the impurity uptake levels at 100 

mV (no cavitation) as lower levels of impurity are expected to be purged under the weaker 

mixing conditions provided in the absence of cavitation generation during growth. The 

presence of micromixing provided under driving amplitudes 350–800 mV pp is thought 

to increase the mass transfer rate of impurity molecules away from the crystal surface. 

Although, it is unknown how uniform micromixing would have been throughout the 

volume of the vials under the applied cavitation field.  

Table 6.2 shows the results from scoping cooling PCM sonocrystallisation experiments in 

IAA, water and ACN, in the presence of 2% mol ACE.  In the experiments where 

cavitation was generated, if ultrasound in fact enhanced impurity rejection, it was expected 

that this would be observed to a greater extent at higher cavitation energies. However, this 

was not observed.  
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Table 6-2 Polymorphic and purity results of PCM sonocrystallisation in the presence of 
2% mol ACE in IAA, water and ACN 

Solvent 

PCM 
solution 

conc. 
(mg/g) 

p-p 
amplitude at 

40 kHz 
(mV) 

Average 
Pa (kPa) 

Tind S Form 
mol% 
ACE 

IAA 

156 

800 395 36 2.3 II 0.85 
650 330 36 2.3 II 0.43 
500 347 32 2.5 I 0.28 
350 251 24 2.9 II 1.26 
100 15 18 3.2 I 1.14 

104 

800 395 10 2.5 II 1.21 
650 330 10 2.5 II 0.82 
500 347 10 2.5 II 1.31 
350 251 10 2.5 II 1.37 
100 15 10 2.5 I 1.03 

Water 

53 

800 335 50 1.5 I 0.67 
650 323 44 1.8 II 1.07 
500 242 41 2.0 I 0.46 
350 134 41 2.0 I 0.51 
100 8 35 2.5 I 0.79 

35 

800 335 34 1.7 I 0.77 
650 323 30 2.0 II 1.46 
500 242 27 2.2 I 0.55 
350 134 27 2.2 I 0.55 
100 8 25 2.4 I 0.87 

ACN 

98 

800 129 41 2.0 I 0.14 
650 141 41 2.0 I 0.11 
500 120 43 1.9 I 0.16 
350 80 39 2.2 I 0.20 
100 14 34 2.6 I 0.32 

66 

800 129 32 1.9 I 0.19 
650 141 30 2.0 I 0.18 
500 120 30 2.0 I 0.19 
350 80 28 2.1 I 0.14 
100 14 20 2.8 I 0.39 

 

In order to aid discussion, select microscope images from PCM sonocrystallisation 

experiments in the presence of 2% mol ACE in (a) IAA (b) water and (c) ACN are given 

in in Fig. 6-4 (images from every experiment are in Appendix C-3). 
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Figure 6-4: Select microscope images from PCM sonocrystallisation experiments in 
the presence of 2% mol ACE in (a) IAA (b) water and (c) ACN. The scale bars 

represent 50 µm.  

 

From Fig. 6-4, it can be concluded that with no cavitation generated, the experiments at 

100 mV pp across all solvents produced crystals of similar PCM form I morphologies 

observed as in the case where no ACE was added (Fig. 6-3). From Table 6-2, across all 

solvents and in cases where Form I was obtained, it is generally observed that when 

cavitation generation induced nucleation at lower S, lower amounts of ACE were detected 

(a) PCM-IAA (b) PCM-water (c) PCM-ACN 

S = 2.5, Form I 
1.03% ACE 
Pa = 15 kPa 

No  
Cavitation 

Cavitation 
S = 2.5, Form I 

0.28% ACE 
Pa = 347 kPa 

S = 2.5, Form II 
1.31% ACE 

Pa = 347 kPa 

S = 2.5, Form I 
0.79% ACE 
Pa = 8 kPa 

S = 2.0, Form I 
0.46% ACE 

Pa = 242 kPa 

S = 2.0, Form II 
1.46% ACE 

Pa = 323 kPa 

S = 2.8, Form I 
0.39% ACE 
Pa = 14 kPa 

S = 2.0, Form I 
0.19% ACE 

Pa = 120 kPa 

S = 2.0, Form I 
0.14% ACE 

Pa = 129 kPa 
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in the product. This is consistent with the lower supersaturation growth conditions 

generated. For instance, in the case of 98 mg/g PCM-ACN experiments, at 800 mV pp a 

S of 2.0 was recorded and 0.14 mol% ACE was detected in the product. Whereas at 100 

mV pp (no cavitation), a S of 2.6 and 0.32 mol% of ACE were measured.   

It also generally appears that when form II was selectively crystallised, higher mol % ACE 

were detected in the product. This indicates rapid growth conditions leading to the 

incorporation of large amounts of ACE, on comparison with no cavitation (100 mV pp) 

experiments and experiments in which form I was obtained.  For example, in the case of 

35 mg/g PCM-water experiments, under no cavitation conditions (100 mV pp) form I was 

obtained and 0.87 mol% ACE was detected in the product. Whereas, under 650 mV pp, 

form II was obtained and 1.46 mol% ACE was detected in the product.  

The rapid growth conditions are thought to explain why the solution-mediated 

transformation to form I did not occur before isolation. As observed in the scoping 

sonocrystallisation experiments without impurities, the selective crystallisation of form II 

was prevalent in IAA, which resulted in very small (< 20μm) crystals of rough and 

fragmented appearance, on comparison with the form I crystals obtained at the same bulk 

supersaturation level, without cavitation generation. In addition, the selective generation 

of form II was again obtained in water, at both concentrations investigated only at 650 

mV pp amplitude drive. No form II was selectively generated in ACN. 

Previous PCM crystallisation studies in the presence of ACE and MCM have reported an 

increase of aspect ratio in the presence of increasing amounts (mol %) of ACE and MCM. 

68, 72 The impurity incorporation is known to be face-specific, which results in a final 

columnar morphology, on comparison with equant crystals obtained without impurities, 

or with small impurity amounts. Under high supersaturation conditions, growth is limited 

by the surface integration processes of growth units (including adsorption and 

incorporation), as opposed to mass transfer from the bulk to the crystal surface. Jiang 

previously proposed that ultrasound may accelerate surface nucleation and provide more 

active growth sites for crystal growth, in order to explain enhanced growth rates with the 

application of ultrasound.225  
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With predominantly stable cavitation generation, the effects of cavitation on growth are 

more obvious, since predominantly transient cavitation generates sonofragmentation, 

which enhances secondary nucleation and results in fragmented crystal products of a 

reduced particle size.193 From the current study, it seems that cavitation generation can 

accelerate the surface integration processes of growth, which appears to have resulted in 

columnar shaped crystals, as opposed to the more equant crystals obtained without 

cavitation generation (both in the presence of 2 mol% ACE). The results dispute the 

previously proposed mechanism of cavitation enhancing impurity rejection from the 

crystal surface.234 It seems that the lower impurity levels in the crystal product can be 

attributed to nucleation induction at significantly lower supersaturation levels; it also 

seems unlikely that impurities are removed during growth by cavitation phenomena, if 

this accelerates the surface integration processes.  

However, it is important to note that the scoping experiments were intended as a guide for 

upscale experiments involving overhead stirring. The mixing conditions across all scoping 

experiments were likely to be improper or erratic, resulting in a non-uniform and unknown 

supersaturation level distribution throughout the vials. This was thought to be most severe 

in the case of IAA. This effect is further compounded by highly localised supersaturation 

elevations from bubble collapse that are proposed to lead to form II nucleation. 

A plot of polymorphic assignments of PCM form I/II from the scoping experiments in the 

presence of 2% ACE, as a function of average BIV and S is provided in Fig. 6-5. It is 

thought that the macro S levels in Fig. 6-5 cannot entirely be relied upon to represent the 

nucleation conditions of PCM in each experiment where cavitation was generated. Due to 

the rapid solution-mediated transformation of form II to form I, it is not possible to define 

a threshold cavitation energy for form II to be obtained but from the results, it does seem 

that rapid growth conditions (as indicated by the larger mol % ACE in form II products) 

is required in order to prevent this transformation.  
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Figure 6-5: Plot of polymorphic assignments of PCM form I (dark grey) and II (red) 
from scoping experiments with 2% ACE, as a function of average BIV and S.  

 

The system of interest for the upscale experiments is PCM-IAA and the 6mL experiments 

were designed in order to scope ultrasound parameters and cavitation energies that may 

lead to the formation of form II. The selective crystallisation of form II appears to be 

dependent upon very high supersaturation levels, rapid growth conditions and the 

generation of cavitation energy at above a presumed threshold value (which is undefined 

from this data). By performing experiments in the presence of 2 mol % ACE, a highly 

interesting observation was made that has not before been reported; only with cavitation 

generation was a morphology change from equant to columnar crystals of form I observed, 

that is consistent with the face-specific inhibition of PCM by ACE adhesion. From this, it 

is concluded that cavitation generation can accelerate the surface integration processes 

when applied during growth.  
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6.3.2. Upscale Cooling Sonocrystallisation Experiments  
 

A plot of average Pa and BIV values from needle hydrophone measurements in the IAA-

filled jacketed vessel (from 100-800 mV pp amplitude drive) is provided in Appendix C-

4. Overall, the BIV values are significantly lower than those measured in the IAA-filled 

vials immersed in the vessel (filled with water). This effect is possibly due a lesser 

disturbance of the standing wave (without the suspension of the glass vials) and as a result, 

fewer transient cavitation events are expected to be generated within the pressure range 

measured under cavitation generation (average Pa measured ranged 50-98 kPa). The 

upscale PCM-IAA cooling sonocrystallisation polymorphism, purity and morphology 

experimental results are provided in Table 6-3. The measured XRPD patterns and DSC 

thermograms are in Appendices C-5 and C-6, respectively. 

 

Table 6-3 Upscale PCM-IAA cooling sonocrystallisation polymorphism, purity and 
morphology experimental results 

Experiment 

p-p 
amplitude 
at 40 kHz 

(mV) 

Tind S Form  
mol% 
ACE 

mol% 
MCM 

DSC 
Offset 
(°C)  

Morphology 

PCM with 
2% ACE 

800 68 1.3 I 0.24 - 168.8 Columnar 
650 65 1.4 I 0.36 - 168.7 Columnar 
500 60 1.5 I 0.34 - 168.8 Columnar 
350 58 1.6 I 0.45 - 168.6 Columnar 
100 51 1.8 I 0.52 - 168.3 Equant 

PCM with 
2% MCM 

800 52 1.8 I - 0.91 168.4 Columnar 
650 55 1.7 I - 0.96 168.0 Columnar 
500 23 3.1 I - 1.28 167.6 Equant 
350 18 3.4 I - 1.41 167.6 Equant 
100 10 4.0 I - 1.35 167.7 Equant 

PCM with 
1% ACE 
and 1% 
MCM 

800 59 1.5 I 0.16 0.37 168.4 Columnar 
650 62 1.5 I 0.18 0.49 168.7 Columnar 
500 55 1.7 I 0.17 0.42 168.6 Columnar 
350 44 1.9 I 0.21 0.50 168.0 Columnar 
100 10 4.0 I 0.36 0.64 168.3 Equant 
800 10 4.0 I 0.56 0.73 167.2 Fines 

PCM 
(pure) 

800 70 1.3 I - - 169.1 Equant 
100 53 1.7 I - - 169.1 Equant 
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To aid discussion, microscope images of upscale PCM-IAA sonocrystallisation 

experiments (a) with 1% ACE and 1% MCM and (b) without added impurities are shown 

in Fig. 6-6 (all remaining upscale images are in Appendix C-7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-6: Microscope images of upscale PCM-IAA sonocrystallisation experiments 
(a) with 1% ACE and 1% MCM and (b) without added impurities. The scale bars 

represent 50 µm.  

800 mV 
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0.37% MCM  

S = 1.5  
Form I 

(a) PCM with 1% ACE and 1% MCM 

(b) PCM with no added impurities 

800 mV 
S = 1.3  
Form I 

100 mV  
(no cavitation) 

S = 1.7  
Form I 

800 mV 
0.56% ACE 
0.73% MCM  

S = 4.0  
Form I 

100 mV 
(no cavitation) 

0.36% ACE 
0.64% MCM  

S = 4.0  
Form I 

350 mV 
0.21% ACE 
0.50% MCM  

S = 1.9  
Form I 

500 mV 
0.17% ACE 
0.42% MCM  

S = 1.7  
Form I 

650 mV 
0.18% ACE 
0.49% MCM  

S = 1.5  
Form I 
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The upscale experiments further verify that lower impurity uptake can be attributed to 

nucleation induction at lower supersaturation levels, with cavitation generation. In the 

presence of impurities, it seems that cavitation generation impacted the final morphology 

through accelerated surface integration, until very high supersaturation levels were 

generated (S >1.9). It is expected that above this level, growth is not limited by surface 

integration and a rapid and uncontrolled growth mechanism is followed, which is not 

expected to be influenced by cavitation phenomena. Otherwise, columnar morphologies 

were consistently obtained in the presence of impurities, and only with cavitation 

generation (see Fig. 6-6). On comparison with PCM crystallised under the application of 

800 mV pp amplitude without impurities, it is clear that MCM inhibits nucleation, which 

is consistent with a previous report noting that MCM increases the surface free energy and 

the size of the critical nucleus; which leads to higher activation energies being required 

for nucleation and longer induction times.320 MCM is known to incorporate into PCM 

during growth through partial miscibility, which makes it very difficult to purge.73  The 

DSC results of reduced offset points confirm that a greater proportion of MCM is 

incorporated into the PCM product compared to ACE. In the case of ACE, the 

incorporation mechanism into PCM is adhesion to the surface, which is easier to purge.  

Plots of S and mol % impurity detected in the product, as a function of average BIV from 

upscale PCM-IAA sonocrystallisation experiments in the presence of (a) 2% ACE and (b) 

2% MCM are provided in Fig. 6-7 in order to illustrate that S and mol % impurity in the 

product are broadly observed to correlate. From this, it is concluded that cavitation 

phenomena do not enhance impurity rejection, as at higher cavitation energies a greater 

extent of impurity removal would be expected. Moreover, if the surface integration of 

impurities is accelerated with cavitation generation, this would decrease the opportunity 

for impurity removal. Impurity purging is a critical component in the industrial 

crystallisation of drug substances and these experiments demonstrate that with cavitation 

generation, nucleation can be induced at lower supersaturation levels. Although, the extent 

to which cavitation is applied throughout growth requires further investigation. Aside 

from impurity purging, there may be slow growing compounds that would benefit from 
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the application of a stale cavitation field throughout growth, but in the current study, 

accelerated surface integration in the presence of impurities is an undesired effect.  

 

Figure 6-7: Plots of S and mol % impurity detected in the product, as a function of 
average BIV from upscale PCM-IAA sonocrystallisation experiments in the presence 

of (a) 2% ACE and (b) 2% MCM 
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Across all upscale experiments, form I was generated. The MR probe was used for 

monitoring polymorphic composition at the point of nucleation in the system of all 

experiments of PCM (pure) and PCM with 1% ACE and 1% MCM. An experiment was 

additionally performed in order to generate very high S and ultrasound was turned on (800 

mV pp), at which point nucleation was induced instantly. Plots of measured FBRM 

particle counts and second derivative Raman spectral intensities for PCM-IAA 

sonocrystallisation with 1% ACE and 1% MCM at (a) 800 mV driving amplitude applied 

for the duration of the cooling profile (b) 800 mV driving amplitude applied from 160 min 

are provided in Fig. 6-8. It should be noted that form I and II of dissolved PCM cannot be 

distinguished. PVM images obtained from these experiments are also provided in 

Appendix C-8. Despite the very high supersaturation level (S =4.0) generated in (b), only 

form I was detected, and this is attributed to the low cavitation energies detected in the 

IAA-filled vessel (maximum average value = 607± 52 V Hz).  

This result is significant because it provides evidence for a minimum cavitation energy 

being required in order to generate form II. Therefore, at the same applied ultrasound 

frequency (which dictates the bubble size) a minimum cavitation energy to nucleate a 

different polymorphic form on comparison with silent conditions implies that the 

mechanism for nucleation induction is linked to the mechanical energy generated on 

bubble collapse and not the presence of the bubbles themselves (enhanced heterogeneous 

nucleation). It is thought that bubble collapse phenomena produces highly localised solute 

clustering to form a critical nucleus, which is thought to be more probable under high 

absolute solute concentration/supersaturation conditions. Below this cavitation energy and 

S threshold, it is presumed that the predominant nucleation mechanism is heterogeneous 

at the bubble surface and if growth is surface-integration limited, the oscillation of these 

stable bubbles during growth (micromixing) can accelerate the integration of growth units 

in the vicinity of the growth layer, which may or may not be desired. 
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Figure 6-8 Plots of measured FBRM particle counts (grey) and second derivative 
Raman spectral intensities of PCM form I Raman at 1233-1236 cm-1 (red), and PCM 

form II Raman at 1218-1219 cm-1 (blue) for PCM-IAA sonocrystallisation 
experiments with 1% ACE and 1% MCM at (a) 800 mV driving amplitude applied for 

the duration of the cooling profile (b) 800 mV driving amplitude applied from 160 
min. Note that in solution (prior to FBRM detecting particle counts) form I and II PCM 

cannot be distinguished.  
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6.4. Conclusions 
 

Previously the intense mechanical energies generated from cavitation were linked to both 

the generation of form II PCM and greater impurity rejection in the presence of 

structurally similar impurities.222, 223, 234 Therefore, it was expected that by varying the 

cavitation energy generated in PCM sonocrystallisation processes, these effects would be 

observed to varying extents.  A setup was established, in which both 6 mL scoping and 

125mL upscale cooling PCM sonocrystallsation experiments were carried out and the 

cavitation energy was measured with a needle hydrophone.  

The selective crystallisation of form II appeared to be dependent upon very high 

supersaturation levels, rapid growth conditions and the generation of cavitation energy at 

above a threshold value. Due to the rapid solution-mediated transformation of form II to 

form I, it was not possible to define a threshold cavitation energy for form II to be 

selectively obtained from the scoping experiments. Consistent with the report by Mori et 

al., rapid desupersaturation was thought to prevent this transformation before isolation, in 

cases where form II was obtained.223 It is thought that, since erratic mixing conditions 

were generated in the vials, resulting in non-uniform supersaturation levels and potentially, 

the macro-level S calculated may not actually have been representative. This effect was 

thought to be most severe in the case of IAA due to the high viscosity of this solvent-, 

which may have contributed towards the selective crystallisation of form II being most 

prevalent in IAA.  

The upscale experiments verified that higher impurity purging could be attributed to 

nucleation induction at lower supersaturation levels with cavitation generation, as opposed 

to cavitation phenomena enhancing impurity rejection during growth. Sonocrystallisation 

in the presence of ACE and MCM demonstrated that stable cavitation generation can 

impact the final morphology through accelerated surface integration, until very high 

supersaturation levels were generated (S >1.9). It is expected that above this level, growth 

is not limited by surface integration and a rapid and uncontrolled growth mechanism is 

followed, which is not expected to be influenced by stable cavitation phenomena. 
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Otherwise, columnar morphologies were consistently obtained in the presence of 

impurities, and only with cavitation generation, which is consistent with the face-specific 

inhibition of PCM by structurally similar impurities. This effect has not before been 

reported and it is expected to influence the development of industrial sonocrystallisation 

processes for drug substance purification. 

Across all upscale experiments, form I was generated. Raman monitoring of polymorphic 

composition was performed and even when nucleation was induced at a very high 

supersaturation level (S =4.0), only form I was detected, which was attributed to the lower 

cavitation energies detected in the IAA-filled vessel, on comparison with the configuration 

of IAA and water-filled vials in the scoping experiments. This result is significant because 

it points to a mechanism for nucleation induction of PCM form II involving cavitation 

bubble collapse phenomena, as opposed to the presence of the bubbles themselves 

(enhanced heterogeneous nucleation). 
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Thesis Summary 
 

 

The original scope of this project was to improve upon the understanding of a previous 

sonocrystallisation study that reported greater impurity rejection of PCM in the presence 

of ACE and MCM, with ultrasound.234 Nguyen et al. principally attributed the purity 

enhancement to cavitation generation removing impurities at the surface of crystals during 

growth and the purity results were presented at one ultrasound power setting.234   

From a review of the sonocystallisation literature, it was clear that few reports involved 

measurement of cavitation activity in the generated sound field and no studies were found 

using acoustic detection. The following aims were conceived:  

 Establish a set-up for needle hydrophone measurements of typical crystallisation 

solvents and water to allow a comparison of the cavitation activity under the same 

applied ultrasound parameters 

 Establish a set-up for cooling sonocrystallisation experiments to be carried out in order 

to further investigate the previously reported (i) selective crystallisation of PCM form 

II and (ii) greater impurity rejection of PCM in the presence of ACE and MCM; both 

as a function of cavitation energy 

Collaboration with Ward allowed for needle hydrophone measurements and high-speed 

imaging to be utilised in order to investigate the impurity particle-heating mechanism that 

had previously been proposed as the mechanism behind the NPLIN effect.257  

As previously stated, the effects of cavitation phenomena can be advantageous or 

detrimental, depending on the occurrence. The cavitation damage sustained to several 

needle hydrophone probe tips from long-term exposure under a 40 kHz sound field led to 

significant project delays. The severe time constraints for the experimental work in this 

thesis unfortunately, limited further exploratory work from the results obtained. 

Nevertheless, by establishing experimental setups in which acoustic detection could be 
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utilised, outcomes from previous LIN and sonocrystallisation studies were further 

investigated and the experimental findings are concluded herein. 

 

7.1. Conclusions 
 

7.1.1. Laser-induced Nucleation by Particle Heating 

 

On combination of the high-speed imaging observations and needle hydrophone 

measurements, Chapter 4 provides compelling evidence for the impurity particle-heating 

mechanism. Single-pulse (1064nm, 6ns) irradiation at a fixed jpeak of 292 MW cm-2 was 

used throughout the study, which is far below the average power threshold for the 

breakdown of DI water, previously reported as 76 GW cm-2 (1064 nm, 6ns).273  

The imaging setup allowed for 10μs observation intervals and a field of view of 1120μm 

by 445μm was provided with an object size detection limit of 3.6μm. Irradiated NH4Cl 

solutions (S=0.9), demonstrated that the number of bubbles generated within the field of 

view increased with the volume of Fe3O4 NP suspension added prior to irradiation. This 

is attributed to a mechanism involving NP and/or NP aggregates absorbing light from the 

laser pulse and rapidly heating up to generate photothermal vaporisation in the 

surrounding liquid, with more energy being absorbed by larger particles and/or particle 

aggregates, resulting in the generation of larger bubbles with longer lifetimes. 

Furthermore, what is believed to have been incandescence from particle heating was 

observed prior to bubble growth to a maximum radius. Interestingly, dark particle-like 

objects were observed at the same locations where the largest bubbles within the field of 

view were observed prior, which are thought to be remnant bubbles that persist in the 

solution.  

Out of six LIN imaging attempts, in one case no bubbles at or above the object size 

detection limit were detected before the appearance and growth of 11 crystals (undoped 

sample C). Also, in the case of doped sample B, fifty bubbles were detected in frame 1 
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and no crystals were generated, yet persisting objects in the location of prior bubbles were 

observable 900ms following irradiation. Bubble oscillation and collapse events within a 

confined area are known to cause microconvection and vortex formation in the liquid and 

this aspect provides a further challenge in capturing bubble and crystallisation events. 

There were four samples in which both bubbles and crystals were detected within the field 

of view and in every case; the first observable crystal appeared in the same location as the 

largest bubble observed prior. These observations provide strong evidence that the 

cavitation event is directly linked to crystal nucleation in LIN and it follows that the extent 

of supersaturation increase would increase with the size of the bubble generated, as more 

solvent would have been vaporised.  

In three of these four solutions, an unknown object (most likely to be a bubble remnant 

following multiple expansion and shrinkage cycles of the nucleated bubble following 

initial collapse) persisted in the solution and it is unknown what role, if any, the 

unidentified, long-lived object noted immediately after bubble shrinkage/collapse may 

have in nucleation induction. It is thought that there will be a critical bubble size (and 

lifetime) for a cavitation event to lead to nucleation; therefore, not all cavitation events 

will lead to nucleation induction. Hence the nucleation probability is likely to be higher 

in the case where larger impurity particles/particle aggregates are irradiated and generate 

larger bubbles with a longer initial growth period, leading to higher supersaturation 

elevation surrounding the bubbles.  

As the needle hydrophone was found to trigger nucleation in supersaturated solutions, 

measurements were performed in undersaturated solutions, also at a fixed jpeak of 292 MW 

cm-2. Within the unfocussed beam–path, the nucleation of multiple bubbles of different 

sizes and lifetimes resulted in the generation of complex acoustic signals. By investigating 

the effect of solute concentration on the resulting acoustic signals, a trend of a linearly 

increasing signal RMS with solute concentration was observed that would be consistent 

with the presence of absorbing impurity particles along with the solute itself. Therefore, 

it is concluded that the impurity particles present in untreated NH4Cl solutions are 

responsible for photothermal cavitation and the resulting acoustic signal. Filtering 
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solutions prior to irradiation did overall reduce the average signal RMS values measured 

on comparison with untreated NH4Cl solutions. These results support the proposal that the 

highest RMS measurements recorded in the unfiltered solution measurement set are from 

large (> 5μm) particles/particle aggregates present in the untreated solution. Fe3O4 NP 

doping of the NH4Cl solutions significantly increased the average signal RMS values 

measured in the solutions, on comparison with the undoped solution measurements. It 

follows that adding increasing amounts of absorbing particles resulted in an increased 

number of cavitation events and larger bubbles. The variance between measurements of 

irradiated samples is attributed to particle aggregation and an inhomogeneous dispersion 

of absorbing particles/particle aggregates within the beampath.  

The effect of laser processing was also investigated. Following 10 Hz irradiation, the large 

reduction in the signal magnitude can be attributed to the destruction of absorbing particles 

within the beampath. As the solution was left to refresh (mix by diffusion), a further 

measurement demonstrated that this process allowed for the beampath to be refilled with 

more particles. The hydrophone measurements strongly support the high-speed imaging 

observations, together with the previous NH4Cl LIN study by Ward et al., in which the 

nucleation propensity was suppressed by filtration prior to irradiation, and this was 

subsequently reversed by doping with Fe3O4 NP.257 

Overall, the results demonstrate a direct relationship between absorbing particles, 

cavitation generation and crystal nucleation and the induction of multiple primary nuclei 

within an unfocussed beampath. This has powerful implications for discussions behind 

the mechanism for LIN.  

 

7.1.2. Sonocrystallisation 

 

Measurement of light or acoustic emission from cavitation bubble collapse are the only 

methods in which the energy produced from “active” bubbles generated under the 

ultrasound field can be quantified. Furthermore, it is high cavitation energy that has been 
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linked to both the generation of form II PCM and greater impurity rejection in the presence 

of structurally similar impurities.222, 223, 234 

In Chapter 5, the needle hydrophone measurement technique in organic solvents was 

established and under the same applied ultrasound parameters, cavitation generation in 

BuOH, IAA, EtOH, ACN and MEK was compared. in the case of the organic solvents 

large visible (inactive) bubbles generated by coalescence were observed. From this, it is 

also speculated that dense clusters of bubbles may result in additional acoustic attenuation 

and bubble shielding effects, contributing to the lower Pa and BIV values measured in 

organic solvents on comparison with water. Significantly lower Pa BIV values were 

obtained from measurements in the more volatile solvents (EtOH, MEK and ACN) on 

comparison with IAA, BuOH and water, which is attributed to a higher likelihood of liquid 

vapour of the solvent entering the bubble during the rarefaction phase of growth by 

rectified diffusion and cushioning the collapse. Furthermore, lower BIV and Pa values 

observed in IAA and BuOH on comparison with water are also attributed to higher energy 

lost due to internal friction in the higher viscosity solvents. The effect of degassing was 

also investigated, which generally did appear to reduce the bubble counts with FBRM 

measurements and slightly increase the BIV values, from which higher energy collapse is 

inferred. 

From Chapter 6, it may be concluded that the selective crystallisation of form II was 

dependent upon very high supersaturation levels, rapid growth conditions and the 

generation of cavitation energy at above a threshold value. Due to the rapid solution-

mediated transformation of form II to form I, it was not possible to define a threshold 

cavitation energy for form II to be selectively obtained from the scoping experiments. 

Consistent with the report by Mori et al., rapid desupersaturation was thought to prevent 

this transformation before isolation, in cases where form II was obtained.223 It is thought 

that, since erratic mixing conditions were generated in the vials, resulting in non-uniform 

supersaturation levels and potentially, the macro-level S calculated may not actually have 

been representative. This effect was thought to be most severe in the case of IAA due to 
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the high viscosity of this solvent-, which may have contributed towards the selective 

crystallisation of form II being most prevalent in IAA.  

The upscale experiments verified that higher impurity purging could be attributed to 

nucleation induction at lower supersaturation levels with cavitation generation, as opposed 

to cavitation phenomena enhancing impurity rejection during growth. Sonocrystallisation 

in the presence of ACE and MCM demonstrated that stable cavitation generation can 

impact the final morphology through accelerated surface integration, until very high 

supersaturation levels were generated (S >1.9). It is expected that above this level, growth 

is not limited by surface integration and a rapid and uncontrolled growth mechanism is 

followed, which is not expected to be influenced by stable cavitation phenomena. 

Otherwise, columnar morphologies were consistently obtained in the presence of 

impurities, and only with cavitation generation, which is consistent with the face-specific 

inhibition of PCM by structurally similar impurities. This effect has not before been 

reported and it is expected to influence the development of industrial sonocrystallisation 

processes for drug substance purification. 

Across all upscale experiments, form I was generated. Raman monitoring of polymorphic 

composition was performed and even when nucleation was induced at a very high 

supersaturation level (S =4.0), only form I was detected, which was attributed to the lower 

cavitation energies detected in the IAA-filled vessel, on comparison with the configuration 

of IAA and water-filled vials in the scoping experiments. This result is significant because 

it points to a mechanism for nucleation induction of PCM form II involving cavitation 

bubble collapse phenomena, as opposed to the presence of the bubbles themselves 

(enhanced heterogeneous nucleation). 
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7.2. Future Work 
 

7.2.1. Laser-induced Nucleation by Particle Heating 

 

The observed induction of multiple primary nuclei within the irradiated volume in Chapter 

4 shows promise for the future study of the relationship between cavitation generation and 

crystal nucleation with high-speed imaging. The generation of multiple primary nuclei is 

a clear advantage of LIN by particle heating versus LIN by optical cavitation. However, 

LIN by optical cavitation generates a less dynamic cavitation field within a tightly 

focussed volume, which is simpler to study and control. Nevertheless, maintaining the 

aqueous NH4Cl system, some fine-tuning and optimisation of the optical parameters and 

imaging setup would be required in order to gain further insight into LIN by particle 

heating. Observations at < 1μs intervals (imaging at > 1M fps) and a higher spatial 

resolution would be required to investigate the cavitation bubble activity in greater detail, 

including the generation of shockwaves on bubble collapse. However, this would also 

significantly reduce the field of view and reduce the likelihood of capturing bubbles 

nucleated within the beampath. A non-invasive method monitoring technique could be 

investigated in order to quantify the incandescence thought to be produced by heated 

particles. Since optical breakdown of the particles could not entirely be ruled out in the 

current LIN study, it is thought that a spectroscopic technique could potentially distinguish 

incandescence from plasma emission to confirm the exact mechanism of bubble 

nucleation. 

The effects of cavitation generation by laser irradiation on the polymorphic outcome are 

expected to be aligned with cavitation generation by ultrasound. A previous PCM LIN 

study using an unfocussed beampath reported that PCM nucleation was not induced by 

the optical parameters and solution conditions employed.265 It is therefore proposed that a 

PCM LIN study using an unfocussed laser and added absorbing nanoparticles is carried 

out in order to investigate the polymorphic outcome with cavitation generation by particle 

heating. Whilst metal nanoparticle dopants would not be acceptable in pharmaceutical 
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manufacturing, they could prove a vital tool for exploratory LIN work when faced with 

difficult to nucleate compounds or for the study of compounds with elusive solid forms.  

For the LIN of drug substances, future work could also focus on exploring potential 

photothermal dopants that are non-metallic and non-cytotoxic. Polypyrrole nanoparticles 

or chemically conjugated small molecule nanoparticles look to be promising leads.321, 322 

 

7.2.2. Sonocrystallisation 

 

The needle hydrophone model employed in this work was found to be susceptible to 

cavitation damage following long periods of use and it is incompatible with non-aqueous 

media, which is not well suited for use in monitoring sonorystallisation processes. This 

does not rule out the possibility of acoustic emission measurement under an applied high 

power ultrasound field, but it does mean that a highly robust hydrophone like the custom 

model developed for the work by Tzanakis should be pursued.196 Alternatively, 

consideration of a multi-bubble sonoluminescence measurement probe is advised.  

Jordens et al. reported that the solvent properties are not expected to affect the cavitation 

activity under a predominantly transient cavitation field, since the bubble lifetime is 

typically < 1 cycle.193 Measurements of acoustic emissions by Tzanakis et al., that were 

performed under a predominantly transient cavitation field (with an ultrasound probe), 

including water and ethanol are not in agreement with this proposal.196 The work in 

Chapter 6 established that there is a minimum cavitation energy to nucleate PCM form II 

and it was thought that the cavitation energies generated in ACN were below this, which 

is why form II was not selectively generated in this solvent. However, as it was not 

possible to entirely rule out potential solution-mediated transformation to form I, this 

argument is not strong. Therefore, similar upscale experiments could be carried out with 

another polymorphic compound that satisfies the following criteria: (i) the polymorph 

formed is not determined by the surface energy of the nucleus, but the difference in bulk 

chemical potential, (ii) the compound can be recrystallised in water, alcohols, alongside 

low boiling point esters or ketones, and (iii) a rapid solution-mediated polymorphic 
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transformation does not occur. This work may also further nail down the mechanism of 

the selective nucleation of a different polymorph with cavitation generation, on 

comparison with silent conditions. Seemingly, this may be explained by highly localised 

elevated supersaturation levels that promote solute on bubble collapse, which is expected 

to be aligned with the same effects observed with LIN and mechanical shock-induced 

nucleation.217 It would be helpful to present a model system in which the cavitation energy 

is quantified and both the optical and ultrasound parameters and optimised in order to 

reliably deliver the desired polymorphic outcome. Overall, the effects of cavitation 

generation on polymorphism should be considered on a case-by-case basis and with 

consideration of the crystal energy landscape of the system.   

The result of cavitation generation inducing nucleation at lower supersaturation levels in 

the presence of the nucleation inhibiting MCM would be better supported alongside a 

comparison with experiments in which the upscale PCM sonocrystallisation process was 

seeded, as this method should also reduce the induction time. It would be useful to 

compare both methods for effectiveness. Furthermore, the enhanced surface integration 

of impurities with cavitation has not before been reported and in the case of PCM with 

ACE and MCM, ideally single crystal growth measurements could be performed under 

the same applied cavitation field and at the same bulk supersaturation level. This effect 

would certainly be of interest for compounds that are slow growing. However, in the 

interest of impurity purging it is thought that applying a stable cavitation field throughout 

growth could reduce the opportunity for impurity removal or lead to potentially undesired 

morphological changes. Ultimately, the extent to which a predominantly stable cavitation 

field is applied during growth requires further investigation. Moreover, there is a clear 

requirement for equipment to be developed in order to carry out mL-scale 

sonocrystallisation parameter scoping experiments for new systems under investigation. 

This extra development work will require greater time and financial investment, which 

cannot be justified in all cases. However, the true utility of the added energy from an 

applied cavitation field would likely be realised in the case of more difficult to nucleate 

systems and/or systems with a complex polymorphic landscape, that are more frequently 
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faced in the industrial crystallisation process development of drug substances. High-

energy cavitation phenomena seemingly yields the potential to provide access to solution 

conditions for nucleation at localised supersaturation levels, which are difficult to obtain 

by other means. 
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Appendices 

A-1.  Image Bubble Counting Procedure  

 

In order to count the bubble number within a frame, the original image was loaded in 

MATLAB and the contrast was increased. Next, using the adaptthresh function, an 

adaptive threshold of the inverted image (sensitivity = 0.2) was set, allowing for the 

number of regions to be counted. An example is provided below. It should be noted that 

bubbles in close proximity were counted as one region, and there are three cases of this in 

the example below. The diameter of the maximum bubble was taken as the minor axis of 

the largest region found, which ensured that the diameter of the largest single bubble was 

reported. All output files were checked manually for false large regions (comprising 

multiple bubbles) and therefore, the total bubble count of the example image was taken as 

160 in the size range 3.6-59μm. 
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A-2.  NanoSight Measurements of Particle Concentration 
 

Sample Rep. Mean particle 
size (nm) 

Average # 
particles/frame 

Equivalent particle 
concentration 

(108/mL) 
(a) DI water  52 ± 3 2.60 0.42 

(b) Stock (undiluted) 
NP suspension in DI 

water 

1 181 ± 100 38.55 6.21 
2 56 ± 8 39.96 6.44 
3 70 ± 27 16.50 2.66 

(c) Stock NH4Cl 
solution (0.328 g/g DI 

water) 

1 287 ± 138 12.15 1.96 
2 298 ± 172 6.75 1.09 
3 266 ± 131 6.82 1.10 

300 µL NP suspension  
(b) in 3 mL DI water 

1 101 ± 54 12.42 2.00 
2 71 ± 42 4.89 0.79 
3 34 ± 15 10.39 1.68 

300 µL NP suspension 
(b) in 3 mL (c) NH4Cl 

solution 

1 192 ± 121 10.61 1.71 
2 198 ± 105 10.56 1.70 
3 240 ± 149 7.64 1.14 

 

Note that the DI water measurement was taken as a background and the values obtained 

were consistent with previous in-house laboratory measurements of DI water samples. 
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A-3. Additional Undoped Supersaturated LIN Images 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In B, the red circles indicate (i) one bubble detected and (ii) what is inferred as a crystal 

originating in the same location. In C, the red circle indicates the first observable crystal. 
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A-4. Final Frames (#138311) of LIN Image Sequences  
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A-5. Additional NP-doped Supersaturated LIN Images 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The red circles in A indicate a crystal originating in the same location as a bubble observed 

prior. Fifty bubbles were counted in B and the sample was not observed to nucleate though, 

persisting objects are circled in frame 90 000.  
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A-6. Time-domain Waveforms of all Laser-irradiated Samples 

 

Tap water 

 

 

 

 

 

 

 

DI water 

 

 

 

 

 

 0 20 40 60 80 100
-5

0

5

10

15

20

25

30

35

40

45

O
ff

se
t a

m
pl

itu
de

 (
m

V
)

Time (μs)

 shot 1  shot 2  shot 3  shot 4  shot 5

0 20 40 60 80 100
-4
-2

0
2

4

6
8

10
12

14
16

18
20

22

24
26

28
30

O
ff

se
t a

m
pl

itu
de

 (
m

V
)

Time (μs)

 shot 1  shot 2  shot 3  shot 4  shot 5



 

181 
 

UP water 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Water sample Shot RMS (mV) p-p Aamplitude (mV) BIV (V Hz) 

Tap 

1 0.586 5.6 2886 

2 0.678 5.9 1999 

3 0.758 6.1 1966 

4 0.728 5.7 1974 

5 0.650 6.4 1791 

Average 0.680 ± 0.067 5.9 ± 0.3 2123 ± 434 

DI 

1 0.764 9.0 4389 

2 0.688 8.5 1633 

3 0.732 9.3 1440 

4 0.737 9.1 1755 

5 0.750 9.0 1392 

Average 0.734 ± 0.029 9.0 ± 0.3 2121 ± 1275 

UP 

1 0.699 8.6 2143 

2 0.768 9.5 2766 

3 0.648 9.1 1770 

4 0.696 8.9 2576 

5 0.839 8.9 2075 

Average 0.730 ± 0.074 9.0 ± 0.3 2265 ± 401 
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0.036 g/g NH4Cl  

 

 

 

 

 

 

 

  

0.109 g/g NH4Cl 
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0.182 g/g NH4Cl 

 

 

 

 

 

 

 

 

0.255 g/g NH4Cl 
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0.328 g/g NH4Cl 
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NH4Cl concentration 
 (g/g DI water) 

Shot RMS (mV) p-p Aamplitude (mV) BIV (V Hz) 

0.036 
 

1 1.192 9.9 3914 
2 1.055 10.8 4070 
3 1.023 11.3 4355 
4 1.085 12.9 4382 
5 0.953 11.8 4982 

Average 1.061 ± 0.088 11.3 ± 1.1 4341 ± 408 

0.109 
 

1 2.310 19.4 6720 
2 1.396 21.6 6927 
3 1.253 20.3 7064 
4 1.399 20.2 6675 
5 1.436 22.5 7312 

Average 1.559 ± 0.426 20.8 ± 1.2 6940 ± 261 

0.182 
 

1 2.165 19.0 7502 
2 2.175 16.7 6325 
3 2.089 17.4 6550 
4 2.158 16.9 6117 
5 2.108 16.3 6261 

Average 2.139 ± 0.038 17.2 ± 1.0 6551 ± 554 

0.255 
 

1 3.270 38.6 10593 
2 2.550 38.4 9833 
3 1.914 36.9 9586 
4 2.344 37.3 8430 
5 2.219 39.0 9457 

Average 2.459 ± 0.508 38.0 ± 0.9 9580 ± 779 

0.328 

1 2.367 44.3 13877 
2 3.113 46.7 13198 
3 3.113 46.5 13530 
4 2.573 45.5 12676 
5 2.549 45.0 11741 

Average 2.743 ± 0.035 45.6 ± 1.0 13004 ± 834 
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Unfiltered 0.328 g/g NH4Cl 

 

 

 

 

 

 

 

 

 

5 µm filtered 0.328 g/g NH4Cl 
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1.2 µm filtered 0.328 g/g NH4Cl 

 

 

 

 

 

 

 

 

 

0.8 µm filtered 0.328 g/g NH4Cl 

 

 

 

 

 

 

 

 

 

 

 

0 20 40 60 80 100
-20

0

20

40

60

80

100

120

140

O
ffs

et
 a

m
p

lit
ud

e 
(m

V
)

Time (μs)

 shot 1  shot 2  shot 3  shot 4  shot 5

0 20 40 60 80 100
-20

0

20

40

60

80

100

120

140

O
ffs

et
 a

m
p

lit
u

de
 (

m
V

)

Time (μs)

 shot 1  shot 2  shot 3  shot 4  shot 5



 

188 
 

0.45 µm filtered 0.328 g/g NH4Cl 

 

 

 

 

 

 

 

 

 

0.1 µm filtered 0.328 g/g NH4Cl 
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Filter pore  
size (µm) 

Shot RMS (mV) p-p Aamplitude (mV) BIV (V Hz) 

unfiltered 

1 3.595 38.5 16631 
2 7.146 66.4 33957 
3 6.611 53.4 24863 
4 5.326 49.5 23736 
5 2.773 35.4 17113 

Average 5.090 ± 1.884 48.7 ± 12.4 23260 ± 7052 

5 

1 1.680 25.6 9883 
2 1.745 26.6 11418 
3 1.711 26.0 10743 
4 1.727 26.3 10811 
5 1.693 26.0 10703 

Average 1.711 ± 0.026 26.0 ± 0.4 10712 ± 547 

1.2 

1 2.533 30.1 12642 
2 1.969 26.5 10977 
3 1.770 27.5 12743 
4 1.999 28.5 13328 
5 2.054 27.7 11960 

Average 2.065 ± 0.283 28.0 ± 1.4 12330 ± 899 

0.8 

1 1.274 26.7 10046 
2 2.046 27.1 10698 
3 1.747 26.8 8957 
4 2.026 26.8 10180 
5 1.697 27.0 9311 

Average 1.758 ± 0.313 26.9 ± 0.2 9838 ± 699 

0.45 

1 2.244 28.3 10563 
2 2.277 29.1 11177 
3 1.842 28.5 10955 
4 2.109 27.1 10391 
5 1.966 27.2 10593 

Average 2.088 ± 0.185 28.1 ± 0.9 10736 ± 321 

0.1 

1 4.221 44.3 9311 
2 1.948 26.4 9964 
3 1.932 28.0 11748 
4 1.754 27.8 10638 
5 1.825 26.6 10021 

Average 2.336 ± 1.057 30.6 ± 7.7 10336 ± 918 
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undoped 0.328 g/g NH4Cl 

 

 

 

 

 

 

 

 

 

30 µL FeO3NP-doped 0.328 g/g NH4Cl 
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75 µL FeO3NP-doped 0.328 g/g NH4Cl 

 

 

 

 

 

 

 

 

 

100 µL FeO3NP-doped 0.328 g/g NH4Cl 
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150 µL FeO3NP-doped 0.328 g/g NH4Cl 

 

 

 

 

 

 

 

 

 

300 µL FeO3NP-doped 0.328 g/g NH4Cl 
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Volume FeO3 
NP suspension  

added (µL) 
Shot RMS (mV) 

p-p Aamplitude 
(mV) 

BIV (V Hz) 

undoped  

1 2.758 32.4 13656 

2 2.119 31.7 11431 

3 2.534 31.9 11912 

4 2.831 31.0 11783 

5 2.083 32.2 11104 

Average 2.465 ± 0.350 31.8 ± 0.5 11977 ± 990 

30 

1 7.877 123.6 58536 
2 8.081 71.8 35666 
3 5.750 60.1 25672 
4 6.631 91.7 37146 
5 6.710 69.9 33980 

Average 7.010 ± 0.964 83.4 ± 25.2 38200 ± 12205 

75 

1 18.210 193.8 78104 
2 15.363 169.7 99995 
3 12.229 149.5 81133 
4 11.417 121.2 69048 
5 10.725 150.9 74383 

Average 13.589 ± 3.134 157.0 ± 26.9 80533 ± 11777 

100 

1 23.124 215.8 89746 
2 23.044 273.7 148401 
3 21.426 212.2 110643 
4 19.133 207.8 114031 
5 16.724 155.4 78624 

Average 20.690 ± 2.746 213.0 ± 41.9 108289 ± 26793 

150 

1 22.528 289.1 139915 
2 22.208 265.1 107072 
3 23.326 262.1 79988 
4 21.889 238.7 103795 
5 18.884 244.0 92825 

Average 21.767 ± 1.698 259.8 ± 19.9 104719 ± 22351 

300 

1 35.342 476.0 286127 
2 32.916 494.5 352121 
3 29.088 409.7 227058 
4 28.547 374.0 205810 
5 25.366 336.4 165948 

Average 30.252 ± 3.909 418.1 ± 66.9 246413 ± 72877 
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B-1. Example Solvent Acoustic Emission Spectra Measurements 
 

Example FFT outputs of measurements at a driving amplitude of 800 mV (p-p) 
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C-1. Scoping Needle Hydrophone Measurements of Pa and BIV 
 

Plot of measurements performed in IAA, water and ACN from 100-800 mV pp amplitude 

drive at 40 kHz. 
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C-2. Scoping XRPD Patterns 

  

PCM-IAA with no added impurities 

 

PCM-water with no added impurities 
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PCM-ACN with no added impurities 

 

 

PCM-IAA with 2% ACETA 

 

 

5 10 15 20 25 30 35

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

O
ffs

et
 in

te
ns

ity
 (

a.
u

.)

2θ (°)

 100 mV
 350 mV
 500 mV
 650 mV
 800 mV

5 10 15 20 25 30 35

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

O
ffs

et
 in

te
ns

ity
 (

a.
u.

)

2θ (°)

 100 mV
 350 mV
 500 mV
 650 mV
 800 mV



 

198 
 

PCM-IAA with 2% ACETA 

 

 

PCM-water with 2% ACETA 
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PCM-water with 2% ACETA 

 

 

PCM-ACN with 2% ACETA 
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PCM-ACN with 2% ACETA 
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C-3. Additional Scoping Microscope Images 
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C-4. Upscale Needle Hydrophone Measurements of Pa and BIV 
 

Plot of measurements performed at 52mm height in the IAA-filled vessel from 100-800 

mV pp amplitude drive at 40 kHz. 
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C-5. Upscale XRPD Patterns 

 

PCM-IAA with 2% ACETA 

 

PCM-IAA with 2% MCM 
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PCM-IAA with 1% ACETA and 1% MCM 

 

 

PCM-IAA with no added impurities 
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C-6. Upscale DSC Thermograms  
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 PCM-IAA with 2% MCM 

 

 

 

 

 

 

 

 

 PCM-IAA with 1% ACETA and 1% MCM 
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C-7. Additional Upscale Microscope Images 
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C-8. Upscale PVM Images   

 

The scale bar represents 100μm in all images 

 

PCM-IAA with 1% ACETA and 1% MCM 
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